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The main purpose of this study was to determine the eff'ect of cad-
mium on ano.crobic digestion. Metal concentrations in the form of regu-
lar and slug doses were considered. The possibility of acc~Limating 
anaerobic bacteria to higher cadmium levels was studied, and attempts 
were made to reestn.blish digestive action through re-seeding in digesters 
overcome by high cadmium concentrations. 
Ten one-gallon anaerobic digesters, equipped for measurement of the 
gases produced, were used. and v1ere maintained at 35°C {95DF'). They were 
f'ed daily with primary sludge on a constant volatil.e solids basis of' 
0.078 pounds per cubic f'oot per day and were provided with a 15-day 
detention period. The main parameters employed were the volume of ~ases 
produced, the chemical oxyEen demand of the effluent, and the volatile 
solids and volat.ile acids of the mixed liquor. They were supplemented 
Hith pH and cadmium determinations. 
Cadmium, above certain concentrations, was found toxic. The toler-
able cadmium concentrations depended upon the type and tnagnitude of dose, 
and the residual concentration of' the met.al in the dic;ester. 'l'he maxi-
mum allowable slun; dose was established t,o be 800 mg/1. The maximum con-
stant daily dose was dependent upon the number of days that the additions 
\'/ere made. Daily loadings of 66.7 mg/ 1 did not af'fect the anaerobic bac-
terin until after 34 days; digesters subjected to higher loadings sur-
vived for shorter periods. Acclimation permitted addition of higher 
daily metal doses than \-IOuld have been otherwise possible. Replacement 
of sludge f'rom inactive digesters with active sludge as high as 20 per-
cent by volume did not reestablish digestive action. 
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I. INTRODUCTION 
A. PLATING WASTES 
The metal plating industry is one of the major contributors to the 
industrial waste problem today. The metals which are predominantly used 
in the plating industry are chromium, zinc, copper, nickel, and cadmium (1). 
Waste waters from this industry have been found to contain high concen-
trations of the respective metallic elements, and cyanide, a major con-
stituent of many plating baths. The plating wastes are usually dis-
charged into sanitary sewers on a regular basis, as they are produced. 
In this manner, the resulting metal concentration of the sewage is rela-
tively low and remains essentially constant. All too often, however, 
a high concentration of metal, in the form of a "slug" dose, appears in 
the waste water. This high concentration may be the result of haphazard 
dumping or an accident in which large amounts of metallic waste were dis-
charged into the sewer. 
Since heavy metals, at appropriate concentrations, are known to 
exhibit detrimental effects upon living organisms, the possibility of 
plating wastes entering domestic sewers makes it highly desirable to 
determine the effect of these wastes upon the microorganisms involved in 
biological sewage treatment. Studies have been made concerning the effect 
of chromium, zinc, copper, cyanides, and, to some extent, nickel upon bio-
logical waste treatment. A review of the results of these studies in-
dicated that the microorganisms were completely incapacitated if high 
enough metal concentrations were present. 
Few investigations have been undertaken to determine the effect of 
cadmium on sewage treatment microorganisms. This lack of study may be 
due to the fact that cadmium does not find as much application in the 
plating industry as some of the other metals (see Table I). While this 
fact may give priority to studies of the more popular metals, it does 
TABLE I 
APPARENT ANNUAL CONSUMPriON 











*Based on data from Metal Statistics 1963 (2) 
not dismiss the need for developing cadmium disposal rates and methods. 
The low cadmium usage is not because of its inability to provide an 
effective protective coating, but because cadmium is more expensive 
than the other metals commonly used. 
Some industries which have toxic waste waters to dispose of have 
,, 
( __ 
proceeded to treat these wastes in their own plants. This is also true of 
the metal plating industry to some degree, however, much metal polluted 
waste water is disposed directly into sanitary sewers. The prominent 
methods of industrial treatment of plating wastes " ••• range over chem-
ical, mechanical, ion exchange, dialysis, and evaporation techniques.'' (3). 
The choice and success of a treatment method are dependent upon the metal 
or metals present, their concentrations and form, the degree of treat-
ment needed, and other factors. Each individual waste warrants consid-
eration, and many times removal of all the metal contaminants is impossible. 
B. CADMIUM WASTES AND THEIR DISPOSAL 
Cadmium has found application in providing protective coatings for 
iron, steel, copper, and aluminum base metals (4, p. 116). Cadmium 
coatings offer a pleasing appearance because of the high polish they take; 
they afford both the attractiveness of nickel and the durability of zinc 
to a certain degree (5). Although both acid and alkaline baths may be 
used in the plating of cadmium, an alkaline bath which contains cyanide 
is used almost exclusively (4, p. 117). The alkaline bath is made up of 
the following constituents (4, p. 118, 6): 
Cadmium oxide (CdO), g/1 ....•• 
Cadmium metal, g/1 •.••••...••. 








After these chemicals have reacted, the bath will consist (4, p. 118) 
essentially of sodium cadmicyanide (Na2Cd(CN) 4), sodium cyanide (NaCN), 
sodium hydroxide, plus organic and/or inorganic additives and brighteners. 
These compounds eventually constitute a major portion of the waste water. 
Main sources of waste include drag-out losses carried into overflow 
rinses, spray losses, solution dumping, and leakage (7, p. 28'{). As the 
waste water comes in contact with the materials in the sewage, the form 
of cadmium may be changed to other forms depending upon pH and sewage con-
stituents. Although the waste waters from a cadmium plating plant may be 
corrosive to sewers because of their high alkalinity, they are not as 
corrosive as the wastes from other metal plating industries which are 
usually acidic in nature (7, p. 291). 
A number of major cities are still discharging their untreated wastes, 
both domestic and industrial, into rivers, lakes, and oceans. This is 
dangerous from at least three aspects when toxic industrial wastes such 
as metal plating wastes are present. First, toxic materials will affect 
the natural purification of the receiving water. Second, aquatic life is 
affected by the toxic contaminants. Third, human lives are endangered be-
cause water supplies may be contaminated with these toxic materials. 
4 
Interest has been aroused concerning the possibility of intrusion of 
wast.e water into underground water supplies. Studies h-'3ve shown that cad-
mium, and also chromium, which were discharged into a body of water from 
a plating industry, have infiltrated into underground wells in excessive 
concentr~tions (8). 
Because of the accumulation of heavy metals in living organis~s a 
danger of excessive cadmium consumption from drinking water exists. For 
this reason the maximum level of cadmium has been set at the low value of 
0.01 mg/1 for water to be consumed by humans (9) and 0.2 mg/1 for water in 
which fish live (10). The effect of high concentrations of cadmium upon 
the human body is receiving considerable study. Investigations using 
male Wister rats lmve indicated that cancer is caused in these animals 
from an injection of cadmium chloride (11). 
The water pollution problem has been intensified to such a degree 
that all major cities must soon provide treatment for their wastes. Bio-
logical sewage treatment plants are the most enomical and effective method 
available today for domestic waste treatment. Many industrial wastes, 
including the metal plating wastes, are known to exhibit detrimental 
effects to the biological life employed; however, a separate sewer is not 
often available which will provide segregation of' the industrial and do-
mestic wastes. It is therefore necessary to know the allowable concen-
trations of these toxic elements which can be discharged without affecting 
the microbial life. 
Primary sedimentation is the first element of a sewage treatment 
plant to affect, or be affected by cadmium contained in the waste water. 
Depending upon the pH of the waste, the form of the cadmium, and the de-
tention time in the primary tank, a certain percentage of' the cadmium 
5 
present will settle. If the pH is high, cadmium will be in the hydroxide, 
carbonate, or some other insoluble form and will settle out almost com-
pletely (12). According to Gurnham (13) a pH of 8 to 9 is needed to pre-
cipitate heavy metals as hydroxides or basic salts. Since the pH of most 
cadmium plating wastes is between 9 and 11 and the pH of domestic sewage 
is '7 to 8, upon combination, the pH will usual~ be high enough for the 
insoluble forms to exist. This permits transfer of a major portion of 
the cadmium from the sewage to the sludge. 
Any cadmium remaining in the settled sewage would then be subjected 
to secondary treatment. The on~ reported investigations which pertain 
to the effect of cadmium upon aerobic microorganisms were performed using 
the Warburg respirometer (1, 14, 15). The results of these studies in-
dicated that the aerobic microorganisms are quite sensitive to cadmium 
and other plating metals. 
An essential operation in a sewage treatment plant is the treatment 
of the sludge which has settled in the primary and secondary sedimentation 
basins. Most plants are employing the bacteria of an anaerobic digester 
for this sludge stabilization. Large enclosed tanks are needed for the 
digestion process because a detention period of 15 to 30 days is required 
to obtain satisfactory treatment. If the raw sewage coming into the plant 
contains cadmium, the sludge which is fed to the digester will contain 
concentrations much higher than the plant influent. Only one study (16) 
has been directed toward determining the effect of these high concentra-
tions of cadmium upon the anaerobic bacteria. The other plating metals, 
however, have received considerable attention in this area (17, 18, 19, 
20, 21, 22, 23). 
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C. THE STUDY 
Plating wastes have been found to detrimentally affect the biological 
life normally present in a sewage treatment plant. Because microorganisms 
are essential to the treatment of sewage and, therefore, play an important 
role in providing a safe, palatable water for public use, it is highly 
desirable to determine the degree to which the microorganisms are affected 
by the various metals. While the other plating metals have received atten-
tion in varying degrees, reliable information pertaining to the effect of 
cadmium on sewage treatment organisms is not available. 
The objective of this study was to investigate the effects of cadmium 
on anaerobic digestion. Metal concentrations in the form of both regular 
and slug doses were considered. The possibility of acclimating anaerobic 
bacteria to higher cadmium acceptance levels was also studied. When a 
digester was overcome by the presence of excessive cadmium concentrations, 
attempts were made to reestablish effective digestive action through the 
addition of fresh seed or settled sewage sludge containing no cadmium. 
Ten laboratory size anaerobic digesters were assembled and operated 
within the mesophilic temperature range at 35oc throughout the period of 
investigation. Gas production, chemical oxygen demand, volatile and 
total solids, volatile acids, and cadmium determinations were the main 
parameters employed in order to effectively evaluate the effect of cadmium 
upon sludge digestibility. Slug doses of cadmium in concentrations 
ranging from 200 to 1,000 mg/1 (based on the contents of the digester), 
and regular daily doses ranging from 6.7 to 133 mg/1 (based on the 
contents of the digester) were studied. 
Also of interest to this study was the effect of cadmium on aerobic 
treatment processes. Fill-and-draw activated sludge units and a Warburg 
respirometer were utilized in these investigations. 
'( 
II. LI'I'F:HATUH.E H~~VIE\..J 
The purpose of this li t.erature revie1v v1as to examine all availabJ_e 
inf:::>rma.tion pertaining to the effect or cadmium on anaerobic ancl aerobic 
sewage treatment processes and to evaluate the methods applicable to 
laboratory investigations in this area. 
Because of the similarity which exists between cadmium and the other 
plating metals and because the techniques employed in their investiga-
tions are almost identical, several studies concerned with the effects 
ot~ the other plating metals were included in this review. 
A. EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
The effect of cadmium on anaerobic sludge digestion has received 
very little study. The literature search yielded only one investigation 
in this area. Oldaker (16) investigated the ef:fect of cadmium- and 
nickel-bearing sludge upon anaerobic bacteria by means of both batch 
and periodic loading studies. A raw primary sludge, knmm to contain 
significant quantities of cadmium and nickel, was obtained from the 
Easthampton, Massachusetts, sewage treatment plant and was studied to 
determine its digestibility. The apparatus employed in this investigation 
included a Warburg respirometer and two l+-li ter glass bottles which 
served as laboratory anaerobic digesters. The digester contents v1ere 
manually mixed at least four times a day and their temperature was 
maintained at 35oc. The parameters utilized to evaluate the perform-
ance of the digesters included volume and composition of' gases produced, 
vola-tile solids, pH, volatile acids, and total alkalinity. 
In the batch digestion studies raw primary sludge, containing 176 to 
288 mg/l of nickel and an unreported amount of cadmium, was mixed with 
actively digesting seed sludge at a volatile solids loading of 0.25 
pounds per cubic foot, of digester volume and at r·atios of raw to seed 
sludge of 1 to 1 and 2 to l. The digesters were operated for 47 days 
without any additional loading. The digester which contained the former 
ratio functioned well, while in the latter gas production 1o1as suppressed 
excessively. The Warburg respirometer, which was also operated at 35°C, 
was employed in conjunction with the batch digestion studies to further 
determine the ratio of raw sludge to seed sludge at which the maximum 
volume o1~ gas per weight of volatile solids destroyed 1vas produced. 
Oldaker (16) found the optimum ratio to be i...2 to .i_ and cone Luded th"J.t 
an accidental overload o!~ the raw primary sludp;e in respeeL to the 
available seed sludge greater than this rat,io would definitely inhibit 
gas yield. 
The two periodically fed digesters (16) received A.M. or P.M. sludge, 
collected from 4 p.m. to 9 a.m. and from 9 a.m. to 4 p.m., respectively. 
The A.M. unit was fed 9 times in a 4]-day period at an average volatile 
solids loading of 0.012 pounds per cubic foot per day which resulted in 
a metal loading of 3.75 mg of cadmium and 2.8b mg of nickel per gram of 
fresh volatile solids fed. The digestion unit which received the P.M. 
sludge was fed twelve times in a 55-day period at an average volatile 
solids loading of O.Olb pounds per cubic foot per da;-{ vlhich provided a 
metal loading of 0.626 mg of cadmium and 1.5 mg of nici::el per gram of 
fresh volatile solids fed. Although the A.M. digester displayed an 
initial lag, the type and quantity of ~ses liberated by the t1w units 
did not differ significantly. 
It should be pointed out that the usually accepted units for report-
ing metal concentrations are milligrams per liter; therefore, these 
metal values were converted by the author of this thesis and the respec-
tive cadmium and nickel feeding rates were round to be 3.44 and 2.64 mg/1 
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for the A.M. digester and 0.83 and 1.98 mg/1 for the P.M. unit expressed 
as the average concentration of metal fed at the various intervals. The 
cadmium and nickel concentrations in the sludge were markedly lower than 
the usual range investigated when nickel or other plating metals are 
studied. In addition, it is difficult to evaluate the true effects of 
the metals on the digestion process because a control digester was not 
operated to enable comparison. The findings of this investigation can-
not therefore be used " ... to develop generally applicable toxicity 
limits of nickel and cadmium •.. " (16) as was intended by Oldaker. 
B. EFFECT OF OTHER PLATING METALS ON ANAEROBIC DIGESTION 
The metals which find application in the plating industry are copper, 
zinc, nickel, chromium, and cadmium {1). Investigators (17, 18, 19, 20) 
at the Robert A. Taft Sanitary Engineering Center have studied exten-
sively the effects of chromium, zinc, copper, and nickel upon both aerobic 
and anaerobic sewage treatment facilities, but have failed to include 
cadmium in their studies. In these investigations similar laboratory 
equipment, techniques, and procedures were employed. A model sewage 
treatment plant consisting of primary sedimentation, secondary aerobic 
treatment, final sedimentation, and anaerobic sludge treatment was uti-
lized to determine the effects of slug doses and daily additions of the 
metals. A continuous flow activated sludge unit was used for the aerobic 
studies, and a 5-gallon glass carboy was employed as a digester for the 
anaerobic studies. Raw sewage was obtained from a Cincinnati inter-
ceptor and in some instances it was fortified with eitl~r fish meal or 
dog food because of the high ground-water infiltration. Sludge from the 
primary and secondary sedimentation basins comprised the feed of the 
digester. For most investigations the appropriate metal was added to 
the raH sewage and in only one case 'vas the metal added directly to the 
digester feed. The sludge was fed to the digester at the rate of 0.073 
pounds per cubic foot per day, the temperature was controlled at 3ooc, 
and a detention time of ~7 days was provided. Parameters used in these 
investigations included: volume and composition of gases produced, 
volatile solids, BOD, pH, and metal determinations. 
The use of the entire sewage treatment process for research with 
metal plating wastes is unique with the Taft Center studies and is, 
in most respects, the desirable procedure to follow. Most research 
laboratories, however, do not have access to the facilities required for 
this type of investigation. Many other groups of investigators have 
used only the anaerobic digestion equipment in their studies. Ba.rnes 
and Braidech (21) studied the effect of slug doses of chromium, copper, 
and nickel upon anaerobic digestion and employed eight laboratory digest-
ers of unreported size. The main criterium for evaluation of toxicity 
was the measurement of gases produced by the anaerobic bacteria. 
Wischmeyer and Chapman (22) investigated the effect of nickel in the 
forms of nickel sulfate and nickel ammonium sulfate using two-gallon 
bottles as laboratory digesters. Parameters utilized to evaluate the 
effects ot' slug additions of nickel were the volume and composition of 
gases produced and the percent reduction in volatile solids. Ridenour 
and Backus {23) examined the effect of both daily additions and slug 
doses of copper and zinc plating "\vastes on sludge digestion us:.ng 24 
small laboratory digesters. Gas production, gas composition, pH, and 
volatile solids were determined. 
Because of the dissimilarity of the procedures employed it is dif-
ficult, if not impossible, to correlate the findings of one group with 
those of the other groups. An attempt has been made, however, by the 
author of this thesis to adjust certain reported values in order to 
enable comparison. The results of previously cited investigations are 
summarized in Table II. 
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Barnes and Braidech (21) reported that nickel in concentrations of 
200 and 500 mg/l retarded gas production 8.0 and 9.4 percent, respec-
tively. They did not report the effect of higher doses. Wischmeyer 
and Chapman (22) found that when nickel ammonium sulfate was added to 
the digester it appeared to provide a stimulating effect to the micro-
organisms. They believed the explanation for this effect to lie with 
the ability of the obligate anaerobes to utilize ammonia as a source of 
nitrogen. Higher concentrations of nickel ammonium sulfate were not 
investigated. Wischmeyer, et al also oberved an increase in gas pro-
duction when nickel in the form of nickel sulfate was added to the 
sludge in concentrations of 500 mg/1 or less and a reduction in gas 
production of 31.8 and 95.8 percent when slug doses of 1000 and 2000 
mg/1 nickel, respectively, were added. This finding disagrees with 
the observations of Barnes and Braidech (21) who reported reduction in 
gas prOduction at concentrations as low as 200 mg/1. Wischmeyer and 
his co-worker (22) found that the variation in gas composition was not 
consistent with the variation in volume of gas produced. They further 
noted that the use of reduction in percent of volatile solids as a 
parameter for observing digester performance was not as sensitive as 
the volume of gases produced. For example, reduction in percent of 
volatile solids was noted only when 2000 mg/1 nickel was added, and 
no indication was given at 1000 mg/1 nickel, which caused a 30 percent 
reduction in gas production. The effect of daily additions of nickel 
TABLE II 
THE EFFECTS OF PLATING METALS ON ANAEROBIC DIGESTION 
METAL TYPE METAL CONCENTRATION ( InP:/1 )* REMARKS REF. 
INVESTIGATED OF REPORTED EQUIVALENT VALUES 
DOSE VALUES FOR COMPARISON 
Slug** 200 (for 4 hrs) 667*** No effect 17 
Slug 200 200 Gas production retarded 8.0% 21 
Slug 500 500 Gas production retarded 9.4% 21 
Nickel Slug 500 500 Gas production enhanced 1.7% 22 
Slug 1,000 1,000 Gas production retarded 31.8% 22 
Slug 2,000 2,000 Gas production retarded 95.8% 22 
Continuous** 40 800**** No effect 17 
Slug 300 300 Gas production stopped for 5 
days; then gradually recovered 18 
Chromium (+ 6) Slug 500 500 Gas production retarded 100% 18 
Slug 10,000 10,000 Gas production retarded 68.4% 21 
Daily 50 50 Gas production decreased rapidly 18 
Slug** 410 (for 4 hrs) 1,365*** No effect 19 
Slug 1,000 1,000 Gas production retarded 14.9% 21 
Slug 2JOOO 2,000 Maximum tolerable level 23 
Copper Slug 4,000 4,000 Gas production retarded 49.4% 21 
Daily 200 200 Maximum tolerable level 23 
Continuous** 10 200**** Normal to slightly below normal 19 
Continuous** 15 300**** Subnormal 19 
Slug 2,500 2,500 Maximum tolerable level 23 
Zinc Daily 6oo 6oo Maximum tolerable level 23 
Continuous** 10 200**** No effect 20 
Continuous** 20 400**** Rapid failure 20 
*Except where noted otherwise the metal was fed directly to the digester and the concentrations are 
based on the contents of the digester. 
**All values are based on raw sewage to which the metal was added. 
***If slug dose were added instantaneously r4 hrs f detention time in primary sedim.) X reported value] 




upon anaerobic digestion was not reported by either of these two arti-
cles, but was investigated at the Taft Center (17) to some degree. 
Although it was found that the sludge obtained from a raw sewage which 
contained as much as 40 mg/l nickel had no effect upon digestion, high-
er concentrations were not studied. 
Chromium, being one of the more popular plating metals, has received 
considerable study. Chromium is usually present in the hexavalent state 
but may be converted to trivalent in the presence of organic matter 
found in sewage. Moore, et al (18) at the Taft Center, using the pre-
viously described equipment, added a slug dose of 300 mg/l (based on 
digester contents) of hexavalent chromium in the form of chromate to 
the digester directly. Gas production stopped for five days and then 
gradually the digester recovered; however, when 500 mg/l chromium was 
added to a well-functioning digester, it never recovered. A daily addi-
tion of 50 mg/1 of hexavalent chromium (based on digester volume) was 
found to cause the gas production to drop off rapidly. Findings by 
Barnes and Braidech (21) on the effect of chromium disagree with those 
obtained in the Taft Center investigations. These investigators reported 
that a slug dose of hexavalent chromium at the concentration of 10,000 
mg/1 retarded digestion only 68.4 percent. They also investigated the 
effect of slug doses of trivalent chromium upon digesters. Concentrations 
of 2,000 and 5,000 mg/1 reduced gas production by 11.6 and 41.0 per-
cent, respectively. 
Ridenour and Backus (23) established the tolerance level for copper 
to be 200 mg/1 when daily additions of the metal were made or 2,000 mg/1 
when a slug dose was added. The allowable slug dose of copper was also 
investigated by Barnes and Braidech {21) and their findings indicated 
that it was between 1,000 and 4,000 mg/1, depending on what percent 
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reduction in gas production constituted impairment. They noted that 
1,000 and 4,000 mg/1 retarded gas production by 14.9 and 49.4 percent, 
respectively. McDermott, et al (19) at the Taft Center applied a four-
hour slug dose of 410 mg/1 copper to the primary sedimentation unit and 
found it to have no effect on the digester. However, McDermott and his 
co-workers limited the tolerable daily dosage of copper to lS mg/1 in 
the raw sewage which resulted in a residual copper concentration in 
the primary sludge of 230 mg/1. 
Ridenour and Backus (23) reported the tolerance level for zinc in 
the form of daily additions to be 600 mg/1 while the maximum slug dose 
was set at 2,500 mg/1. The report of the Taft Center on zinc (20) in-
cluded only daily additions; ten mg/1 was the advocated upper limit which 
appears to be lower than that allowed for copper. However, it is noted 
that 10 mg/1 zinc in the raw sewage produced a primary sludge containing 
375 mg/1 zinc while the sludge produced by 15 mg/1 copper (the tolerance 
limit) contained only 230 mg/1. Obviously, the important factor when 
dealing with anaerobic digestion is not the metal concentration of the 
influent sewage but that of the sludge. 
C. EFFECT OF PLATING METALS ON AEROBIC SEWAGE TREATMENT 
The metal concentration of the sewage charged upon a secondary 
treatment process, such as the activated sludge or trickling filter, is 
also of fundamental importance to the sanitary engineer. Microbial life 
present in aerobic facilities appears to be more sensitive to toxic mate-
rials than do anaerobic microorganisms. The results of a number of 
studies concerned with the effects of the various plating metals on 
aerobic microorganisms are given in Table III. Only three studies were 
found, all utilizing the Warburg respirometer, which investigated the 
effect of cadmium (1, 14, 15); of those only two are reported in Table III. 
TABLE III 
THE EFFECTS OF PLATING METALS ON AEROBIC MICROORGANISMS 
METAL METHOD TYPE OF METAL REMI\RKS 
INVESTIGATED UTILIZED DOSE CONCENTRATION (mg/1) 
Cadmium Slug 2 Definitely affected but recovered 
Cadmium Slug 50 Maximum level; 2-day lag period 
Nickel Slug 16 Definitely affected but recovered 
Nickel Slug 10 to 25 Maximum range 
Chromium (t6) War burg Slug 16 Definitely affected but recovered 
Chromium (+6) Respirometer Slug 100 Not definitely impaired 
Chromium (+3) Slug 50 to 75 Maximum range 
Zinc Slug 50 Definitely affected but recovered 
Zinc Slug 100 Not definitely impaired 
Copper Slug 20 Definitely affected but recovered 
Copper Slug 25 to 50 Maximum range 
Nickel Continuous 3 to 6 Affected nitrification slightly 
Nickel Continuous 1 to 2.5 Affected efficiency significantly I 
Nickel Continuous Slug 50 to 200 (for 4 hrs) Maximum range 
Chromium ( +6) Flow Continuous 50 Affected efficiency significantly 
Chromium ( +6) Activated Slug 500 (for 4 hrs) Maximum allowable concentration 
Zinc Sludge Continuous 5 to 10 Affected efficiency significantly 
Zinc Slug 160 (for 4 hrs) Maximum allowable concentration 
Copper Continuous 1 Affected efficiency significantly 
Copper Slug 50 (for 4 hrs) Maximum allowable concentration 
Zinc Fill-and-draw Increasing 500 Maximum allowable concentration 





























III. EQUIPMENT, MATERIALS, AND METHODS 
A. EQUIPMENT AND APPARATUS 
The equipment used in this investigation included ten laboratory 
size anaerobic digestion units with gas collection facilities, ten lab-
oratory size activated sludge units, a Warburg respirometer, and two 
walk-in incubators. 
1. Anaerobic Digestion Units. 
The digestion units (Figure 1) were one-gallon glass anaerobic jars 
equipped with diffusers for mixing by circulation of the gases produced 
by anaerobic action. A small pressure-vacuum air pump was successively 
connected to each unit at the two pinch clamps shown in Figure 1 and 
forced the gases up through the sludge, thus providing mixing of the con-
tents. After preliminary studies, however, all mixing was accomplished 
by hand shaking which was found more effective than gas circulation. The 
volume of liquid in the digesters was maintained at three liters. This 
allowed space for gas storage and facilitated mixing. In order to pro-
vide for gas measurement, the gas storage chamber was connected to a 
calibrated one-gallon bottle which was filled with water; as a volume of 
gas was produced an equal volume of water was displaced from the bottle 
and its volume determined. The displaced water from all the units was 
collected in two 5-gallon bottles which were emptied periodically. The 
entire equipment setup, including digesters, gas measurement facilities, 
and 5-gallon bottles was located in a constant temperature incubator 
which was maintained at 35oc (Figure 2). 







2. Activated Sludge Units. 
Ten fill-and-draw activated sludge units consisting of one-gallon 
glass bottles and equipped with glass aeration tubes were employed. The 
units were aerated for 23 hours and allowed to settle for one hour each 
day. The aeration tubes were connected to the laboratory compressed air 
system through activated carbon filters which were used to remove any 
impurities present in the air supply. Samples were taken from the units 
by siphoning. 
3· Warburg Respirometer. 
The Warburg respirometer used in these studies (Figure 3) was a prod-
uct of Gilson Medical Electronics (Model RWBP-3). It consisted of a con-
stant temperature bath with a lighted plastic bottom, in which eighteen 
125-ml reaction flasks were placed. The Warburg apparatus provided for 
uniform shaking of the flasks. Each reaction flask was connected to a 
manometer which measured any change in pressure in the flask due to a 
change in gas volume • 
4. Walk-In Incubators. 
Two walk-in incubators, l.abline models 704 and 704A, were utilized. 
One of these units, heated to maintain the usual digestion temperature, 
housed the complete anaerobic apparatus, while the second unit was oper-
ated as a refrigerator to provide storage for raw sewage and sludge prior 
to use and for samples prior to their analysis. 
B. MATERIALS 
l. Seed for Digestion Units. 
For preliminary studies the seed used to start the digestion units 
was obtained from a digester located at the new Rolla trickling filter 
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FIGURE 3. WARBURG RESPIROMETER 
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treatment plant. Because of difficulties encountered with this seed, the 
digester located at the Rolla activated sludge treatment plant was used 
to provide actively digesting seed for the final studies. 
2. Sewage Sludge. 
Sewage sludge, taken from the bottom of the primary sedimentation 
basin at the old Rolla trickling filter plant, was used as substrate for 
the anaerobic bacteria. It was usually collected once a week and stored 
at 7°C. The sludge was analyzed for total and volatile solids each time 
it was collected. Periodically, its chemical oxygen demand was also 
determined. Tbe characteristics of the sludges used in this study are 
listed below. 
Total Solids, mg/1 ••••..•.•.•.• 
Volatile Solids, mg/1 •.....••.• 
Volatile Solids, 
%of Total Solids •••••.••••• 
Chemical Oxygen Demand, mg/1 •.• 







21,864 - 86,512 
14,308 - 50,740 
55.4 - 83.2 
29,100 - 42,250 
This seed was used to start the aerobic units and was obtained at 
the Rolla activated sludge treatment plant. It performed satisfactorily. 
4. Raw Sewage. 
Raw sewage was collected twice a week from the outfall sewer of one 
of the treatment plants and was stored at 7°C. This sewage was used to 
supply the seed microorganisms for the Warburg respirometer studies and 
food for microorganisms in the activated sludge units. The chemical 
oxygen demand and suspended solids content of the raw sewage were deter-
mined and the results are reported below: 
AVERAGE 
Chemical Oxygen Demand, mg/1 .•••• 305 
Suspended Solids, mg/1 ••.•••••••. 230 
RANGE 
120 - 669 
72 - 6oo 
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5. Cadmium. 
Solutions containing various concentrations of cadmium were prepared 
by dissolving reagent grade mossy cadmium, with less than 0.025 percent 
impurities, in concentrated hydrochloric acid. In the early part of the 
studies cadmium solution in this acidic form was used, however, for the 
last two runs the pH of the solution was adjusted to 7.5 with calcium 
hydroxide. 
C • EXPERIMENTAL CONDITIONS 
The anaerobic digesters were operated at 35°C which is an average 
value of the usually accepted range of 33° to 37°C (27, p. 7). In prac-
tice, detention times vary from 8 to 50 or more days with the usual 
range being 15 to 30 days (27, p. 54). Since intermittent mixing which 
hastens digestion was employed, the shorter detention period of 15 days 
was chosen for this investigation. The mixing, employed immediately after 
adding the sludge and the metals, dispersed the newly added materials 
throughout the contents of the digester. The digesters were fed daily 
with raw sewage sludge at the rate of 0.078 pounds per cubic foot per 
day, which was the value used in similar studies with other plating 
metals at the Robert A. Taft Sanitary Engineering Center (18) and is 
within the usually accepted loading range of 0.075 to 0.250 pounds per 
cubic foot per day (28, 29, 30, p.252). Appropiate concentrations of 
cadmium to provide either a slug dose, a constant daily dose, or an 
increasing daily dose were added to the digesters immediately following 
the daily addition of the raw sludge. 
The three liter fill-and-draw activated sludge units were aerated 
for 23 hours and then allowed to settle for one hour. Following sedi-
mentation one and one half liters of clear supernatant were siphoned off 
and replaced ·Hith Taw sewa[r,e and the appropiate volume of cadmium 
solution. '.rhe units were maintained at room temperatu.r·c (;'40C). 
In conjunction with the activated sludge studies, the 'v/arbu!~r; 
respirometer was operated at 20°C which is the temperature used in the 
standard 5-day BOD test (31, p. 318). 
D. EXPERIMENTAL PARAMETERS 
1. Gas Production. 
J'.1any investigators feel that gas production is the "pulse" of an 
,·)-:' 
( _) 
anaerobic digester and consequently the volume of gas p!~octuced .is al•mys 
included as a major parameter in diu;estion studies. Provis ionr-. we:r.-e made 
allowing the measurement of' the quantity of' gas produced at any desired 
time; however, readings ta::-;.en once each day provided sufficient in:for-
mation to effectively evaluate the conditions of the digesters. 
2. Chemical Oxygen Demand Determination. 
The chemical oxygen demand (COD) determination vJas used as a ma.;;or 
parameter in evaluating the efficiency of the digesters and activated 
sludge units. This determination measurea the amount of oxygen neces-
sary to convert the organic matter present in the effluents from the 
digesters or activated sludge units, to the completely oxidized products 
of carbon dioxide and ,.mter, and therefore provided an indirect measure-
ment of the quality of the effluent. 
The procedure, as outlined in Standard Methods (31, p. -:.o9) in-~./ ) 
volved reflu.xing a mixture consisting of 50 ml of sample or sample ali-
quot, 25 ml of 0.25N potassium dichromate, 75 ml of concentrated sul-
furic acid, and a few pieces of pumice stone for two hours. The solu-
tion was then cooled, diluted to 350 ml with distilled water, and the 
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excess dichromate titrated with 0.25N ferrous ammonium sulfate using 
ferroin indicator. A blank containing 50 ml of distilled water, instead 
of sample, was subjected to the same treatment. From the titration data 
the COD was calculated. 
3. Total, Volatile, and Suspended Solids Determinations. 
The volatile solids determination was used as a measurement of the 
organic matter present in the sewage and as the basis for computing the 
volume of sludge to be fed the anaerobic digesters. Volatile solids, 
expressed as percent of total solids, were also used to determine the 
relative amount of breakdown of organic matter by the anaerobic bacteria, 
and therefore constituted a parameter with which to evaluate the correct 
functioning of the digesters. The suspended solids determination was 
used as a means of measuring the quantity of solids present in the 
activated sludge units. 
The technique outlined in Standard Methods {31, p. 428) was fol-
lowed when determining total and volatile solids with one exception. 
The evaporated sludge was ignited for only 15 minutes instead of the 
suggested 60 minutes. The reason for this modification was that total 
oxidation was observed after the shorter period. The procedure involved 
placing 50 ml of sludge in a preweighed fired evaporating dish and 
evaporating to dryness in a water bath. After drying for one hour at 
103oc in a drying oven, the dish was cooled in a desiccator and weighed 
again to determine total solids. It was then placed in the muffle fur-
nace, fired for 15 minutes at 6oo0 c, cooled at 103°C for one hour, cooled 
in a desiccator, and weighed. The loss in weight incurred upon igniting 
was attributed to volatile solids and was used to determine their con-
centration. 
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Suspended solids were determined using the procedure described by 
Engelbrecht, et al (32) ~or activated sludge. An aluminum dish contain-
ing a Millipore ~ilter was dried at l03°C, cooled in a desiccator, and 
weighed. A known volume o~ activated sludge mixed liquor or sewage was 
~iltered using a Millipore vacuum ~iltration apparatus, the ~ilter and 
dish were dried at 103°C ~or 30 minutes, cooled in a desiccator, and 
weighed to determine the suspended solids. 
4. Volatile Acids Determination. 
This determination measures low-molecular-weight compounds, such as 
the short-chain ~atty acids which are produced by the saprophytic bac-
teria o~ anaerobic digestion. I~ a digester is ~unctioning properly the 
acids are converted to methane and carbon dioxide by another group o~ 
bacteria known as the methane-formers. However, should an excess o~ 
~atty acids be produced, as would occur a~ter a sudden increase in vol-
atile solids loading or when starting a digester, the pH may be depressed 
below 6 which would inhibit growth o~ the methane-~ormers. By observing 
the volatile acid content o~ a digester ~requently during the critical 
period, an increase in acids can be counteracted with controlled addi-
tion o~ lime; thereby allowing the metbane-~ormers to recover. 
The distillation method (31, p. 422) ~or determining volatile acids 
was employed as it gave suf~iciently accurate results in a short period 
o~ time. Two hundred ml o~ sample were centri~uged ~or 5 minutes. One 
hundred ml of the supernatant liquor were placed in an 800-ml distil-
lation ~lask along with 100 ml o~ distilled water, 5 ml o~ concentrated 
sulfuric acid, and 5 or 6 pieces of fired pumice stone used to prevent 
bumping. The contents of the ~lask were distilled using a Kjeldahl 
nitrogen distillation apparatus until 150 ml of distillate were collected. 
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Using phenolphthalein as the indicator, the distillate was titrated with 
O.lN sodium hydroxide until a slight pink color persisted. From the 
titration values, the volatile acid content was calculated. 
5. Cadmium Determination. 
Evaluation of the cadmium content of the sludge was necessary to 
confirm the concentration added and to find if any cadmium were removed 
or destroyed by the digestion process. 
The dithizone method outlined by Shirley, et al (33) for determining 
cadmium content of biological materials was employed with a slight modi-
fication. As copper, mercury, cobalt, and nickel were not expected to 
be present in the sludge, two steps were eliminated from the original 
method. Consequently, the procedure involved evaporating a solution 
consisting of 50 ml of sample and 25 ml of 2N sulfuric acid to dryness 
and then reducing the contents to ashes in a muffle furnace at 550°C for 
15 minutes. This was necessary in order to destroy any organic matter 
which might have interferred. All acid-soluble ash was dissolved by 
adding 10 ml of l.ON hydrochloric acid to the evaporating dish and 
heating slightly. The contents were then filtered through filter paper 
and diluted to 100 ml with deionized water. An appropiate volume Of this 
solution was diluted to 25 ml and added to a separatory funnel contain-
ing 25 ml of 20 percent sodium hydroxide and 10 ml of dithizone reagent 
in carbon tetrachloride. The mixture was shaken vigorously for 30 seconds. 
After the layers were allowed to separate, the carbon tetrachloride layer 
was drawn off. Four to five ml of carbon tetrachloride were added to the 
separatory funnel, which was shaken vigorously for 15 seconds. The car-
bon tetrachloride layer was extracted as before. Two additional extrac-
tions with 4 to 5 ml of carbon tetrachloride were performed and the 
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solution consisting of the composite of all the extractions was diluted 
to 25 ml with carbon tetrachloride. The percent transmittance was ob-
tained by comparison with a blank prepared in a similar manner using 
25 ml of deionized water at a wave length of 515 mr using a Bausch and 
Lomb spectrophotometer. The cadmium content was computed by means of 
a previously prepared reference curve. 
The dithizone (diphenythiocarbazone) solution in carbon tetrachlo-
ride was prepared (33) by dissolving 0.2 grams of dithizone in 500 ml 
of carbon tetrachloride and filtering to remove the insoluble matter. 
The solution "Y1as placed in a separatory funnel together with 2 liters 
of 0.02N ammonium hydroxide. The mixture was shaken, the phases were 
allowed to separate, and the carbon tetrachloride phase ''las discarded. 
The ammonical solution of dithizone was extracted with 100-ml portions 
of carbon tetrachloride until the carbon tetrachloride layer, which was 
discarded each time, was pure green. Fofty-five ml of lN hydrochloric 
acid and 500 ml of carbon tetrachloride were added to the aqueous phase 
and the mixture was shaken thoroughly. The layers were allowed to sepa-
rate, and the aqueous phase was discarded. The carbon tetrachloride 
solution of dithizone was diluted to 2 liters with carbon tetrachloride, 
mixed, and stored in a brown bottle out of direct sunlight. 
6. pH Determination. 
pH determinations were employed to supplement volatile acids as a 
control parameter for anaerobic digestion. A Beckman Zeromatic pH meter 
and pHydrion paper were used to obtain the appropiate hydrogen ion content. 
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E • EXPERIMENTAL PROCEDURES 
l. Anaerobic Digestion Studies. 
The digesters were seeded with approximately two liters of actively 
digesting sludge from one of the Rolla sewage treatment plants. The 
units were fed at less than the prescribed feeding rate for the first 
4 to 5 days with no effluent removed. The feeding rate was gradually 
increased until the desired volatile solids loading of 0.078 pounds per 
cubic foot per day was reached. pH and volatile acids were observed 
frequentLy so that any disruption of normal conditions might be quickly 
corrected. The volume of gas produced by the individual digesters was 
recorded daily until uniform quantities were evolved by all units. Sat-
isfactory adjustment to correct for deviations was obtained by combining 
and redistributing the contents of the digesters. The volume of each 
digester was maintained at 3.0 liters. 
The daily procedure used in operating the ten digesters was as 
follows: 
a. The volume of gas produced by each digester during the preceeding 
day was recorded. 
b. The gas outlet valves were disconnected. 
c. Two hundred ml samples of either mixed liquor or effluent were 
siphoned from each unit and stored in the walk-in refrigerator at 7°C. 
d. The appropiate quantities of cadmium solution and raw sludge were 
added to each unit and mixed thoroughly. A control digester was 
also operated and received no cadmium solution. 
e. The volume of the liquid in the digesters was made up to 3.0 liters 
with tap water. 
f. The gas outlet valves were connected to the digesters. 
g. The bottles used for gas measurement were refilled with water, if 
necessary. 
h. The mixed liquor was analyzed for total and volatile solids, 
pH, volatile acids, and cadmium concentration; the effluent was 
analyzed for COD. 
2. Activated Sludge Studies. 
Ten activated sludge units were started with seed obtained from 
the Rolla activated sludge plant and were operated on a fill-and-draw 
basis. Each day the air supply to the units was discontinued for approx-
imately one hour to permit settling of the sludge, and 1.5 liters of the 
effluent were siphoned off and replaced with raw sewage and an appro-
piate volume of cadmium solution. Two control units receiving no metal 
additions were maintained. Samples were taken periodically before or 
after settling and analyzed for suspended solids or COD, respectively. 
3. Warburg Respirometer Studies. 
A Warburg respirometer was emplqyed to supplement the activated 
sludge studies. The procedure involved was essentially as recommended 
by Standard Methods (31, p. 396). In brief, it entailed the following 
steps: 
a. One m1 of 10 percent potassium hydroxide solution was added to 
the center well of each flask. 
b. Appropiate volumes of seed and cadmium solution were added to 
16 of the flasks. Two thermobarometers were also provided which 
contained distilled water in place of seed and cadmium solution. 
c. The flasks were attached to the manometers and immersed in the 
2ooc water bath with the stopcocks open. 
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d. 1bey were allowed to reach equilibrium by shaking at 95 oscillations 
per minute for 15 to 20 minutes. 
e. The manometer fluid in the closed manometer leg was adjusted to 
150 mm and the stopcock closed. 
f. Manometer readings were taken at desired intervals by adjusting the 
fluid in the closed leg to 150 mm and recording its level in the 
open leg. 
g. When it was anticipated that the liquid in the open leg would be 
depressed below the zero level before the next reading was taken, 
stopcock was opened, the manometer liquid in the closed leg 
adjusted to 150 mm, and the stopcock was closed. 
h. By applying the appropiate calculations, oxygen uptake values were 
calculated. 
31 
IV. PRESENTATION OF RESULTS 
A. DIGESTION STUDIES 
To accurately evaluate the toxic effects which were imposed upon 
the anaerobic bacteria by cadmium, ten digesters were subjected to 
varying doses of the metal. The digesters were subjected to similar 
operating conditions and therefore, any variation in the quality of 
effluent, volatile solidsJ or gas production from that of the control 
was assumed to be a result of the cadmium present. Slug doses, regular 
daily doses, and increasing daily doses (used in acclimation attempts) 
were investigated in each of three separate runs. The data obtained from 
this investigation, which included the volume of gases produced, chemical 
oxygen demand, volatile solids, volatile acids, and cadmium concentra-
tions, are presented in tabular form at the end of this chapter. To 
facilitate comparison of the results, the volume of gases produced, 
COD, and volatile solids are also plotted against time. The volatile 
solids content was originally determined as a percent of the total 
solids; however, in order to compensate for variations in the strength 
of the sludge fed to the digesters, the percent volatile solids is 
reported as percent of the control. 
Because of the erratic values obtained from the cadmium determi-
nation employed, theoretical residual concentrations were calculated 
for each digester, for each operating day by making use of the following 
observation. When the effluent and the mixed sludge of the digesters 
were separately examined for cadmium, it was found that essentially all 
of the metal was confined to the sludge and no metal was present in the 
effluent. The theoretical cadmium concentrations were, therefore, com-
puted on the basis that no cadmium was removed as the effluent was 
siphoned off. All cadmium concentrations are reported in milligrams 
per liter of digester volume. 
l. Experimental Run 1. 
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The first experimental run was conducted as a preliminary study 
with the objective of finding the toxicity range for additions of cadmium 
to anaerobic digester~. The results are presented in Tables IV through 
XII and are plotted in Figures 4 through 9. Both Units 1 and 2 served 
as controls and average values for these two digesters are plotted. In 
preparing the primary cadmium solution to be added to the digesters no 
pH adjustment was made after the metal was dissolved in hydrochloric 
acid. However, as the acid content appeared to be a detrimental factor 
in itself, the pH of the cadmium solution added during the last two days 
of the run was raised to 7.5 with calcium hydroxide. 
Initial slug doses of 33.3 and 66.7 mg/1 of cadmium added to Units 3 
and 4 appeared to stimulate gas production slightly (Figure 4), however, 
no noticeable variation in COD or percent volatile solids existed (Fig-
ures 6 and 8). After three days higher concentrations of cadmium in the 
amounts of 100 and 133 mg/1 were added. Although slight decrease in gas 
prOduction resulted from only the larger slug dose, an appreciable in-
crease in organic content, as measured by COD, was noted in the effluent 
of both digesters. The volatile solids contents in both Units 3 and 4, 
expressed as a percent of total solids, were still unaffected by the 
cadmium additions. The volatile acids content of the digesters remained 
low and essentially equal to that of the control and indicated normal 
operation (Tables V and VI). As the digesters appeared not to be ham-
pered significantly by these cadmium loadings, higher slug doses of 200 
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inhibition was observed at these levels. The ef:fect of the 200 mg/1 
concentration (Unit 3) was only temporary, as gas production~ which 
was reduced to about 50 percent o:f normal capacity for a few days, soon 
recovered. A similar pattern was observed when the effluent was moni-
tored for COD. Within 3 days after the slug dose was applied~ COD 
values had increased to more than double that of the control and then 
decreased significantly. The volatile solids content, which Has lower 
than that of the control when the slug dose was added, increased until 
it was almost 5 percent larger than the control seven to ten days after 
the last slug dose was applied, and then receeded to near normal. Only 
a slight distress was registered by the volatile acids determination. 
Heactions exhibited when the 267 mg/l slug dose \·las added to Unit t1 were 
much more pronounced. The volatile acids content of the sludge in-
creased rapidly following the cadmium addition. Gas production dropped 
to less than 24 percent of the normal amount for the first day following 
the inJection and to less than 12 percent the second day. ·rhe gas 
volume liberated continued to be within this range for the duration of 
the period with slight indications of recovery noted during the last 
few days. It is believed, however, for complete recovery to be experi-
enced adjustment of the pH, which had fallen to 5, would have been 
required. A rapid upsurge in COD of the effluent immediately resulted 
from the slug dose and continually increased as very little of the 
organic matter added was stablized. The volatile solids content of 
the mixed sludge liquor increased similarly to the COD, and leveled 
off as the volatile solids content of the raw sludge was approached. 
An attempt was made to acclimate the bacteria in Unit 5 to cad-
mium by initially adding a small amount of the metal (3.3 mg/1) and 
then increasing its concentration daily by a similar amount until 
66.7 mg/1 were being added on the :final day. A slight impairment was 
noted on the :fifteenth and sixteenth days (Figures 4, 6, and 8) which 
increased gradually as the cadmium concentration increased. When the 
?0 
' ...) ...,/ 
run was concluded, after 20 days, the daily volume o:f gas produced was 
approximately two-thirds that o:f the control and was decreasing rapidly. 
Tl~e COD and volatile solids contents also indicated the toxic effect 
by rising significantly above the control during the final days. On 
the other hand, the sharp rise in volatile acids which usually accom-
panies digestion failures, was not observed (Table VII). 
Information pertaining to the critical level o:f daily cadmium 
concentrations was not available, so a wide range o:f values was inves-
tigated and the results are presented in Tables VIII through XII and 
in Figures 5, 7, and 9. Initial regular daily dosages, ranging :from 
3.3 to 26.7 mg/1, were increased to the range o:f 33.3 to 66.7 mg/1 
after three days and then extended to include 133 mg/1 on the sixth 
day. Each alteration was executed because the previous range was be-
lieved to be too low to completely incapacitate the anaerobic bacteria. 
Gas production continued normal when 33.3 mg/1 cadmium was added 
to Unit 6 each day for 17 days even though the COD of the effluent 
gradually increased until it was 1.67 times that o:f the control. This 
indicated that distressed conditions can occur even though gas produc-
tion does not appear to be affected. 
When a cadmium concentration o:f 46.7 mg/1 was charged to digestion 
Unit 7 on a regular daily basis, an immediate upsurge in COD and vola-
tile solids content resulted which was soon dissipated. As the cadmium 
level o:f the digester built up, daily gas production decreased gradually 
and the COD and volatile solids contents again rose. When the run 
was concluded the bacteria had almost ceased to liberate gas. During 
the latter days of this run the volatile acids concentration began 
to increase, further indicating distressed conditions (Table IX). 
When daily concentrations of 66.7, 100, and 133 rng/1 were inves-
tigated (Units 8, 9, and 10), a similar phenomenon was observed for 
each digester. Complete curtailment of gas production occurred within 
a few days as the anaerobic bacteria were totally annihilated at which 
time cadmium additions were ceased. The percent of volatile solids 
increased until the volatile content of the raw sludge was approached, 
after which approximately constant levels were observed (except for 
one erratic variation). The volatile acids and COD content also indi-
cated the distressed conditions in each digester by rising sharply 
after six days. Even after gas production had ceased the volatile 
acids content continued to increase, thus indicating that the acid-
formers withstood these conditions longer than did the methane-formers. 
It is therefore quite possible that the acidic conditions, resulting 
from addition of cadmium at a low pH, rather than cadmium itself, 
caused the methane-formers to fail. During the last few days of the 
run meager volumes of gas were produced as the cadmium concentrations 
were reduced and pH values were increased by continued sludge additions 
and removals. 
As the results of this experimental run indicated that acidic 
additions of the cadmium solution did influence the results obtained, 
4o 
it was desirable, in as much as it was the purpose of this investigation 
to determine the effects of cadmium itself, to pursue this study using 
a metal solution with the pH adjusted to a more favorable level. 
}; I 
2. Experimental Run 2. 
The second digestion run was conducted similarly t,o the firGt with 
the exception that the pH of the cadmium soJ_ution was adjusted to 7.5 
before metal additions were made. This adjustment eliminated the acid 
factor which influenced the results of the previous run. Higher 
concentrations of cadmium were applied to the digesters in an attempt 
to find maximum permissible doses. The results of this run are pre-
sented in Tables XIII through XXIII and are plotted in Figures 10 
through 15. 
Three digesters, Units 2, 3, and 4 were employed for the slur; 
dose studies and were initially charged with concentrations of ::>oo. 
267, and 4oo mg/1 of cadmium, respectively. Each unit initially regis-
tered only a slight decrease in gas production (Figure 10) and an in-
crease in the COD of the effluent (Figure 12). Although gas production 
soon returned to normal, the initial COD increase vias only partially 
dissipated. On the twelveth day the digesters had returned to near 
normal and were charged with another slug dose. Cadmium concentrations 
of 4oo (which provided a duplicate to be compared with the initial slug 
dose charged upon Unit 4), 533, and 800 mg/1 were added. Again only 
a slight increase in COD and decrease in gas production were observed 
in Unit 2 receiving the 400 mg/1 slug dose. The 533 mg/1 cadmium dose 
produced a more notable effect of the same phenomenon and it was oper-
ating near normal when the run was concluded 18 days later. The maximum 
allowable cadmium slug dose was almost reached when 300 mg/1 of cad-
mium was added. Gas production dropped to less than 25 percent of its 
normal volume the first day, but then it gradually recovered and 
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the cadmium content decreased as a result of sludge removals for anal-
ysis, and recovery became more apparent. The COD of the effluent 
which had been as high as 2690 rng/1 dropped about 28 percent to 1935 mg/1. 
Because of the increased organic matter break-down, gas production 
on a daily basis rose above that of the control. Even though complete 
recovery v1as practically realized, the 800 mg/1 slug dose caused 
serious disruption of operation for at least 15 days. 
An attempt to acclimate digestion Unit 5 to cadmium was made by 
initially adding 6.7 mg/1 and increasing the daily dose by that amount 
each day for the first ten days (Table XVII). From that time on, the 
daily increments were 13.3 mg/1. Cadmium additions were terminated 
after 18 days as the bacteria ceased to function at that time. COD 
values increased rapidly after gas production had stopped. The daily 
cadmium concentration had increased to ldO mg/1 when gas liberation 
ceased yielding a theoretical metal content in the digester of 1159 
mg/1 (Table XVII). 
Regular daily cadmium doses ranging from 33.3 to 133 mg/1 were 
charged upon Units 6 through 10. Metal additions for a particular 
digester terminated when the bacteria of that unit ceased to liberate 
gas, and for the remaining units after twenty days. As indicated by 
Figures 11 and 13, the three small doses (33.3, 50.0, and 66.7 mg/1) 
added to Units 6, 7, and 8 permitted digestion to continue near nor-
mal for the period investigated. The quality of the effluent, as 
evaluated by the COD determination, was nevertheless impaired somewhat 
depending upon the quantity of cadmium added. An inconsistency was 
observed, as digestion Unit 8 continued to produce more gas than 
Unit 7 which received lo,ver daily cadmium doses. Daily additions of 
100 and 133 mg/1 of cadmium resulted in complete inactivation of 
Units 9 and 10 after eighteen and ten days, respectively. A rapid 
increase in the organic content of the effluent was noted before gas 
lilleration vlas terminated and it continued throughout the remainder 
of the runo These units, which continued to receive daily additions 
of raw sludge, showed meager signs of recovery by producing small 
volumes of gas toward the end of the period. Theoretically, at 
that time (29 days after the first metal addition), the cadmium con-
centrations in the units which were fed daily doses of 100 and 133 
mg/1 for a time, were 11~14 and 1052 mg/1, respectively (Tables XXI 
and XXII). 
Samples of mixed sludge were taken from each digester on four 
L C'. 
t ' 
occasions and were analyzed for cadmium content. The results of these 
determinations are presented in Table XXIII together with the corre-
sponding calculated cadmium concentrations. 
3· Experimental Run 3. 
The objectives of the third and final run were to verify certain 
results of the previous run, to narrow the range of permissible cad-
mium doses, and to attempt to recover the inactivated digesters through 
sludge replacement and re-seeding. Similar conditions and procedures 
were followed as were employed in the second run in order that direct 
comparison of the results could be made. All cadmium doses were added 
at a pH of 7.5. Data for the ten digesters are given in Tables XXIV 
through XXXIV and are plotted in Figures 16 through 21. Volatile 
solids as a parameter is not discussed because the results obtained 
appeared to be in error. The values are, however, reported in both 
graphical and tabular forms. 
Slug doses in concentrations of 6oo, Boo, and 1000 mg/1 of cad-
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The lowest slug caused an approximate 50 percent increase in COD of' 
the effluent of digester Unit 2 over that of' the control (Unit 1) 
after 4 days had elapsed. This effect soon dissipated as the organic 
content of' the effluent was near normal after 8 days. A less signif-
icant effect was indicated by gas production and the initial drop was 
essentially overcome within three days. Except f'or minor variations, 
the gas volumes liberated by Unit 2 and the controJ., remained parallel 
throughout the remainder of' the period. The 800 mg/.i slug dose, which 
was added to Unit 3, exhibited the same phenomenon as did the 6oo mg/1 
dose except at a greater intensity. The maximum COD level, 229 per-
cent of' the control, was observed after 6 days operation, however, 
the digester was again producing normal quality effluent after 15 days. 
Gas production dropped by nearly 50 percent during the first 3 days 
but recovered unexpectedly well and produced 92.8 percent of' the gas 
volume liberated by the control in the f'if'th day. Normal activity 
was observed on subsequent dates. Unit 4 which was f'ed 1000 mg/1 of 
cadmium, did not completely die but was hindered to such an extent that 
an insignificant amount of' stablization of' organic matter occurred 
during the 39-day period the unit was observed. By 13 days the effluent 
COD bad increased to 3710 mg/1 and it ranged between 3500 and 4500 mg/l 
for the remainder of' the period. For all practical intents, this 
digester was dead. 
Two digesters were subjected to cadmium loadings which were 
incremented daily at different rates until slightly distressed con-
ditions were noted. The metal concentration being fed at this time 
was continued on a regular daily basis until gas production ceased. 
The decline of' the two digesters began early in the test period. Unit 
5, which was acclimated to 93.3 mg/1 over a 7-day period, continued to 
receive daily cadmium additions at this level until failure occurred 
on the thirtieth day. Unit 6, which was acclimated at a faster rate, 
reached the daily dose of 120 mg/1 within seven days. Subsequent to 
this time daily additions continued at 120 mg/1 until gas production 
stopped after the twenty-third day (Figure 16). The COD's of the 
effluents of both units exhibited the same pattern (Figure 18) and 
rose rapidly throughout the test period. 
In order to evaluate the possibility of recovering a digester 
which has been overcome by excessive cadmium additions, sludge replace-
ment with actively digesting sludge was attempted. A uniform practice was 
adhered to when a digester being fed daily cadmium doses failed to 
produce gas. It consisted of stopping the addition of cadmium on the 
first day in which gas was not liberated and on the next day replacing 
a specific percentage of the mixed sludge with fresh digesting sludge. 
An additional digester operated similarly to the control provided a 
source of actively digesting sludge. Fifteen percent of the mixed 
sludge from Unit 6 was replaced with fresh seed sludge. Significant 
quantities of gas were produced; however, the cadmium content was still 
tcogreat to allow complete recovery. Unit 5, on the other hand, did 
not receive seed sludge, but after it had ceased producing gas it con-
tinued to receive raw sludge additions without any cadmium dose. 
As results from the previous run indicated that the critical 
region for constant dailY cadmium doses was from 66.7 to 100 mg/1, 
duplicates of these values and intermediate concentrations of 80.0 
and 93.3 mg/1 were employed for the final investigation (Units 7, 8, 
9, and 10). Little variation in the volume of gases produced by the 
four digesters was noted until 15 days had passed (Figure 17). 
Subsequent to this time, gas production from the digesters fed with 
the higher cadDdum concentrations began to drop off rapidly unti1 a11 
were dead. Unit 7, wli.t.ich was fed only 66.7 mg/1 cadmium, was appar-
ently hindered early in the period; neverthe1ess, the rapid drop-off 
in gas production did not occur unti1 after 36 days. The COD deter-
mination (Figure 19) appeared to be more sensitive than gas production 
in eva1uating cadmium. toxicity as substantia1 variations were noted as 
early as 6 days fo11owing the first daily dQSe. After ten days the 
eff1uent quality or the digesters fed 93·3 and 100 q/1 (t.fllits 9 and 
10) had unitorm.J.y deteriorated and the eft1uent COD increased consis-
tently unti1 the units were completely incapacitated. Digestion Unit 
8 which was charged daily with 80.0 m.g/1 cadmium became distressed at 
a slower rate, but it, too, fina1J.y 'became inanimated. After 8 days, 
Unit 7, to which 66.7 m.g/1 was being fed, appeared to be failing as 
an increase in the COD of the effluent was observed. The apparent 
distress, however, subsided within the following 7 days as the COD 
continued to be essentially constant at a level substanti•lly above 
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that ot the control. As the residual metal concentration increased to 
1639 m.g/1 after 32 days tlle COD started to increase rapidly in a manner 
similar to that ex.lt.ibited by th.e units feel with the li.t.iper concentrations. 
Digestion Unit 10, whick was fed 100 mg/1 daily, died em the 
twentieth. day. '!'we days later five percent of mixed sludge was replaced 
with actively digestins sludge. SDBll quantities of gas were lillerated 
on su'bsequent 4ays, ll.owever, as further recoveey was not evid.ent, 
aaoth.er replac .. at a£ five percent was effected. on tlle thirty-seecmd 
clq. J'OU.owiaa 1i1le secoad exchaap, p.s production increased sligllt~ 
1!) ... v.. caa..l. eeaeea'bft .. loa -· a\111 too crest to permit ciiiiPle'M 
recovery-. fte cOD et the e:f't'1ueat a.ecreasd sligh~ly after each replace-
ment, tben increased more rapidly tban before unti1 a maximum range of 
4ooo to 4500 mg/1 was attained. 
When Unit 9 being fed 93·3 mg/1 daily died ten percent of the 
mixed 1iquor was replaced with new digesting s1udge. Sma11 vo1umes 
of gases were produced daily, however, complete recovery did not 
materia1ize during the period of investigation. The addition of the 
fresh anaerobic bacteria again caused an improvement in eff1uent 
qua1ity which preceeded an increase in COD to the maximum range. 
The COD of the effluent fo11owed the same phenomenon demonstrated 
by the two previous exchanges when 20 percent of the mixed contents of 
Unit 8 being charged with 80.0 mg/1 cadmium was replaced with fresh 
digesting s1udge. Gas production which was appraximately 29.5 percent 
of the control for the day fo11owing the replacement dropped off 
steadily until only insignificant quantities were being evolved when 
the run was c onc1uded six days 1a ter. 
57 
Cadmium determinations of the mixed sludge were made periodica1ly 
throughout the run and the results are. presented in Table XXXIV. Compar-
ison may be made with the ca1cu1ated metal concentrations which were 
postulated to be present at the various times. 
B. ACTIVATED SLUDGE STUDIES 
T.De obJectives of the activated s1udge studies were to determine 
the effects of various concentrations of cadmium on the aerobic units 
and to deve1op a cadmium acclimated s1udge. The chemical oxygen demand 
of the effluent and the suspended so1ids content of the mixed 1iquor 
were the main para'f.IISters emp1oyed in these studies. The resu1ts are 
reported in Table XXXV and the COD ve.1ues are p1otted in Figure 22. 
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FIGURE 22 • mE EP"!'ECT OF CADMIUM OB CHEMICAL OXYGEN DEMAND 
OF. _AC'nVATED . SLtJDGE EFFLtlENT. 
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Successful attempts were made to acclimate the microorganisms of 
six of the fill-and-draw activated sludge units to various concentrations 
of cadmium ranging from 0.5 to 10.0 mg/1. As similar results were 
obtained from each of these units only the data from the highest dose 
are presented and discussed. As can be seen from Figure 22, the COD 
of the effluent of Unit 3, which was acclimated to 10.0 mg/1 of cadmium 
~ithin 20 days, did not vary significantly from that of the control. 
Activated sludge Units 4 and 5 were subjected to various slug 
doses of cadmium which ranged from 7 .o to 500 mg/1. No detrimental 
effects were observed when slug doses up to 100 mg/1 were applied; 
however, when the 500 mg/1 dose was charged into Unit 5 the COD of 
the effluent of' that unit increased until it was more than five times 
that of the control (Figure 22). Within nine days the quality of the 
effluent had improved until its COD was less than twice that of the 
control. 
C. WARBURG RESPIROMETER STUDIES 
The Warburg respirometer was employed to evaluate the success of 
an attempt to acclimate aerobic microorganisms to cadmium. A portion 
of' sludge was taken from the previously discussed activated sludge 
Unit 3 which had been acclimated to ten mg/1 of cadmium and was placed 
in the Warburg respirometer in the presence of cadmium concentrations 
of' 0, 25, 50, and 100 mg/1. Similar samples were prepared using 
unacclimated activated sludge taken from the control unit. The results 
of this study are presented in Table XXXVI and plotted in Figure 23. 
It may be seen that the detrimental effects exhibited by the various 
metal concentrations were diminished significantly when the aerobic 
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TIME TOTAL GAS 
PRODUCED 
(ml) 
(days) Unit 1 Unit 2 
0 0 0 
1 1,370 1, 320 
2 2,870 2,730 
3 4,210 4,080 
4 6,190 5,930 
5 8,790 8,430 
6 11,990 11,380 
7 15,340 14,260 
8 18,640 17,280 
9 21,830 20,260 
10 24,680 23,090 
11 27,080 25,470 
12 29,480 27,950 
13 32,450 31,030 
14 35,150 33,850 
15 38,010 36,790 
16 41,010 39,890 
17 44,310 43,320 
18 47' 510 46,580 
19 50,740 50,010 
20 51~' 030 53,190 
*Acetic acid 
TABLE IV 
THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 1; Units 1 and 2; Controls: No Cd Added 
COD OF VOLATILE 
EFFLUENT SOLIDS (mg/1) (% of total) 
Average Unit 1 Unit 2 Average Unl't 1 unit 2 Average 
0 
1,345 




11,685 514 613 564 59.0 58-3 58.7 14,800 
17,960 
21,070 744 656 700 
23,385 6o.4 59.6 6o.o 
26,275 
28,715 596 635 615 
31,740 58.8 59.2 59.0 34,500 
37,400 583 643 616 
l~O ,450 57.7 58.0 57.8 43,815 
47,045 627 737 682 
50,375 
53,610 6Lf5 1302 724 6o.o 59.3 59·7 
VOLATILE 
ACIDS 
(mg/1 as CH3COOH*) 
unit 1 Unl't ::: Average 
171 134 153 
189 189 189 
198 117 158 
315 216 266 



























THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run l; Unit 3j Slug: 33.3, 100, 200 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (mg/1) (m1) (mg/1) (% control) 
33-3 -- 0 
0 33.3 1,520 
0 33·3 3,040 490 99-'7 
100 31.0 4,520 
0 131 6,590 
0 131 9,160 
200 131 12;~160 720 99-7 
0 322 13,800 
0 322 15,560 
0 322 17,440 1480 
0 322 19,480 98.3 
0 299 21,680 
0 299 24,110 1090 
0 299 27,160 104.4 
0 278 30,240 
0 278 33,340 880 
0 278 36,390 104.8 
0 259 39,780 
0 259 43,280 996 
0 259 46,980 
--



































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 1; Unit 4; Slug: 66.7, 133, 267 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
{mg/1) (mg/1) (m1) (mg/1) (% control) 
66.7 -- 0 
0 66.7 1,530 
0 66.7 2,970 530 98.6 
133 62.0 4,470 
0 195 6,200 
0 195 8,600 
267 195 11,420 695 98.6 
0 448 12,080 
0 448 12,400 
0 448 12,670 1592 
0 448 13,210 101.3 
0 417 13,710 
0 4rr 14,090 2220 
0 417 14,530 110.0 
0 388 14,890 
0 388 15;230 2920 
0 388 15,630 112.5 
0 361 16,260 
0 361 17,270 3160 
0 361 18,550 
--


































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 1; Unit 5, Acclimation: 3.3 to 66.7 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/l) (mg/1) (ml) (mg/1) (% control) 
3·3 -- 0 
6.7 3.3 1,400 
10.0 10.0 2,830 450 100.0 
13.3 19.3 4,300 
16.7 32.6 6,230 
20.0 49.3 8,800 
23.3 69-3 12,100 514 99-9 
26. "( 87.8 15,550 
30.0 115 18,780 
760 33.3 115 22,000 
36.7 178 24,870 99-9 
40.0 202 27,360 
43.3 242 29,910 762 
46.7 285 33,090 101.0 
50.0 312 36,100 
53-3 362 38,980 1012 
56.7 415 41,660 103.7 
60.0 443 44,180 
63.3 503 46,210 1250 
66.7 566 48,630 108.6 
--



































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run l; Unit 6; Daily: 3.3, 33.3 mg/l Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/l (mg/l) (ml) (mg/l) (% control) 
3-3 -- 0 
3·3 3-3 1,220 470 3·3 6.6 2,880 99.8 
33-3 9·4 4,080 
33·3 42.7 6,100 
33-3 76.0 8,730 
33-3 109 11,600 593 99-7 
33-3 135 14,820 
33-3 178 17,940 
33-3 212 21,030 832 
33·3 245 23,830 100.3 
33·3 261 26,230 
33-3 295 28,630 770 
33-3 328 31,590 110.2 
33-3 338 34,610 
33-3 371 37,550 910 
33-3 405 40,330 106.1 
33-3 410 43,550 
33-3 443 46,530 1050 
33-3 476 49,530 
--


































Tflli EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 1; Unit 7; Daily: 13.3, 46.7 mg/J. Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, 1o 
CONCENTR. PRODUCED EFFLUENT OF TO'rAL 




13.3 13.3 1.,480 
13.3 26.6 3,010 450 99-5 
46.7 38.0 4,510 
46.7 84.7 6,440 
46.7 131 9,070 
46.7 178 12,050 1077 101.4 
46.7 212 15,180 
46.7 259 18,150 
46.7 306 20,980 1032 
46.7 353 23,710 99-5 
46.7 375 26,090 
46.7 421 28,380 893 
46.7 468 31,110 105.1 
46.7 482 33,640 
46.7 529 35,910 1270 
1~6. 7 575 37,910 105.8 
46.7 582 39,470 
46.7 628 4o,66o 1547 
46.7 675 lJ-1,610 
--



































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 1; Unit 8; Daily: 26.7, 66.7 mg/1 Cd 
CADMIUM TOTAL COD VOlATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED .EFFLUENT OF TOTAL 




26.7 26.7 1,380 
26.7 53.4 2,930 510 99·9 
66.7 76.4 4,430 
66.7 143 6,330 
66.7 210 8,920 
66.7 27'7 11,780 743 99-7 
66.7 324 14,680 
66.7 391 16,700 
66.7 457 18,350 1368 
66.7 524 19,500 101.7 
66.7 554 20,200 
66.7 621 20,450 1843 
66.7 687 20,550 112.2 
0 706 II 
0 706 20,650 2610 
0 706 II 112.4 
0 657 20,750 
0 657 20,970 3470 
0 657 21,230 
--


































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 1; Unit 9; Daily: 6.7, 4o.o, 100 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (mg/1.) (ml) (mg/1.) (% control) 
6.'7 -- 0 
6.7 6.'7 1,300 
6.7 13.4 2,71.0 490 99·4 
40.0 19.2 4,1.1.0 
40.0 59.2 6,01.0 
40.0 99.2 8,550 
100 139 1.1.,450 593 100.4 
100 229 1.4,1.50 
1.00 329 1.6,080 
100 429 1.7,1.70 1.408 
100 529 17,580 106.2 
100 592 II 
0 692 " 1925 
0 692 " 112.7 
0 644 " 
0 644 " 2280 
0 644 " 110.6 
0 599 " 
0 599 17,840 2630 
0 599 18,180 
--



































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 1; Unit 10; Daily: 20.0, 53.3, 133 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS,% 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (mg/1) (ml) (mg/1) (% control) 
20.0 -- 0 
20.0 20.0 1,400 
20.0 40.0 3,000 450 97.2 
53.3 57.2 4,350 
53-3 111 6,330 
53-3 164 8,930 
133 217 11,700 695 100.6 
133 335 13,600 
133 469 14,420 
133 602 14,770 1472 
133 735 14,860 103.3 
133 817 14,970 
0 950 " 2080 
0 950 15,100 115.3 
0 884 " 
0 884 " 2510 
0 884 " 104.1 
" 0 822 
0 822 II 2585 
0 822 " 
--











THE EFFEC'l' OF CAD~:liill--1 ON ANAEROBIC DIGESTION 
Run~) Unit l; Control: :No Cd Added 
TIME TOTAL COD VOLATILE VOLATILE 
GAS OF SOLIDS ACIDS 
PRODUCED EFFLUENT (% o:f (mg/l as 
(days) (ml) (rng/1) total) CH3COOH) 
0 0 
l 3,100 492 61.2 
2 5,950 
3 8,850 488 
4 l1,920 60.5 207 
5 l4,150 470 
6 l6,84o 
7 l9,66o 504 57.5 261 
8 22,640 
9 25,610 
10 28,310 576 51.5 351 
1l 31,590 
12 31+' 630 902 
13 37,730 
14 40,880 616 
l5 43,860 54.4 
16 47,220 
17 50,320 683 
18 53,350 
19 56,530 
20 59,940 827 
21 63' 81+0 53.3 
22 66' 81~0 825 
23 70,560 
24 73,960 805 
25 76,910 
26 79,940 
27 83,170 933 
28 85,970 
29 83,010 




































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 2; Unit 2; Slug: 200, 400 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1.) (mg/1) (ml.) (mg/1) (% control) 
200 -- 0 
0 200 2,610 572 99·9 
0 186 5,310 
0 186 7,910 808 
0 186 10,790 99·8 
0 173 12,990 688 
0 173 15,520 
0 173 18,380 640 99·7 
0 161 21,320 
0 161 24,440 
0 161 27,840 768 95·9 
0 150 30,770 804 400 150 33,910 
0 539 36,160 942 0 501 38,550 
0 501 41,280 93.4 
0 466 44,310 
0 466 47,120 1000 
0 466 50,020 
0 466 53,000 
0 466 56,000 1117 
0 466 59,180 99.8 
0 434 61,780 1140 
0 434 65,680 
0 434 69,680 1105 
0 434 73,060 
0 434 76,210 
0 434 79,010 1058 
0 434 81,610 
0 434 84,260 
--











































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 2; Unit 3; Slug: 267, 533 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (mg/1) (ml) (mg/1) (% control) 
267 -- 0 
0 248 2,TTO 643 99-8 
0 231 5,520 
0 231 8,170 844 
0 231 10,970 99-7 
0 215 13,040 777 
0 215 15,810 
0 215 18,890 73) 100.0 
0 200 21,960 
0 200 25,030 
0 200 28,330 896 99.6 
0 186 31,300 
533 186 34,360 853 
0 706 36,400 
0 656 38,450 1190 
0 656 40,760 93.0 
0 611 43,640 
0 611 46,700 1170 
0 611 49,960 
0 61J_ 53,070 
0 611 56,140 1342 
0 6.1..1 59,490 100.4 
0 568 62,120 1313 
0 568 65,720 
0 568 69,470 1170 
0 568 73,070 
0 568 76,640 
0 568 80,190 1220 
0 568 83,500 
0 568 86,450 
--











































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 2; Unit 4; Slug: 400, 800 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (mg/1) (ml) (mg/1) (% control) 
4oo -- 0 
0 400 2,2)0 810 90.0 
0 372 4,950 
0 372 7,730 1065 
0 372 10,450 90.9 
0 346 12,350 948 
0 346 14,620 
0 346 17,220 824 98.7 
0 322 19,990 
0 322 23,090 
0 322 26,390 976 105.4 
0 299 29,150 
800 299 32,100 895 
0 1078 32,830 
0 1003 33,750 1'730 
0 1003 34,750 94·9 
0 933 35,530 2280 0 933 36_,420 
0 933 37,680 
0 933 39,180 2690 0 933 40,950 
0 933 43,090 103.2 
0 867 44,790 2360 
0 867 47,570 
0 867 50,890 2320 
0 867 54,690 
0 867 58,490 
0 867 62,290 2680 
0 867 66,020 
0 867 69,440 
--











































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 2; Unit 5; Acclimation: 6.7 to 180 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (mg/1) (ml) (mg/1) (% control) 
6.7 -- 0 
13-3 6.7 2,830 468 99-7 
20.0 19.5 5,630 629 26.7 39·5 8,410 
33-3 66.2 11,280 99-9 
40.0 94-9 13,330 543 
46.7 135 15,750 99.8 53·3 182 18,300 575 
60.0 222 20,800 
66.7 282 23,600 816 104.1 73·3 349 26,620 
86.7 398 28,990 
100 485 31,400 787 
113 551 33,850 
127 625 36,300 983 
140 752 38,640 93-2 
153 839 41,220 
167 993 43,590 1120 
180 1159 44,990 
0 1339 45,240 
0 1339 45,470 1870 
0 1339 45,590 92.1 
" 2165 0 1246 
0 1246 45,710 
1246 " 2500 0 
0 1246 45,840 
0 1246 45,990 
0 1246 46,380 2920 
0 1246 46,870 
0 1246 47,180 
--











































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 2; Unit 6; Daily: 33.3 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS~ % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (mg/1) (ml) (mg/1) (% control) 
33·3 -- 0 
33-3 33.3 3,000 508 99·9 
33.3 64.3 5,900 478 33·3 97.6 8,720 
33-3 131 11,650 99.8 
33·3 155 13,950 526 
33·3 188 16,550 
33·3 222 19,390 536 99-6 
33·3 239 22,140 
33·3 273 25,240 672 99-8 33·3 306 28,390 
33·3 318 30:~990 650 33-3 351 33,690 
33·3 360 36,450 
33·3 368 39,410 838 
33-3 401 42,210 92.8 
33·3 407 45,230 
33-3 440 48,200 724 
33-3 473 51,000 
33·3 506 53,820 
33·3 540 56' "{50 856 
0 573 59,920 94.9 
0 533 62,480 872 
0 533 6) ,680 
0 533 69,230 835 
0 533 73,130 
0 533 76,730 
0 533 79,540 964 
0 533 82,320 
0 533 85,020 











































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 2; Unit 7; Dai~y: 50 mg/~ Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, ojo 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
{mg/~) {mg/~) (mJ.) (mg/~) (% contro~) 
50.0 -- 0 
50.0 50.0 2,770 492 99.8 
50.0 96.5 5,470 
50.0 ~47 8,040 535 
50.0 ~97 ~0,840 98.3 
50.0 233 ~2,970 615 
50.0 283 ~5,270 648 50.0 333 ~7,830 99.7 
50.0 360 20,220 
50.0 4~0 22,850 
50.0 460 25,350 780 99.9 
50.0 478 27,500 788 50.0 527 29,930 
50.0 540 32,460 968 50.0 553 34,940 
50.0 603 37,760 98.7 
50.0 610 4~,300 
50.0 660 44,260 895 
50.0 7~0 46,960 
50.0 760 49,740 
50.0 8~0 52,520 ~030 
0 860 55,470 95.~ 
0 800 57,840 990 
0 800 61,000 
0 800 64,380 991 
0 800 67,880 
0 800 7~,380 
0 800 74,680 1115 
0 800 77,580 
0 800 80,280 
--











































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 2; Unit 8; Daily: 66.7 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, 'fa 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (mg/1) (ml) (mg/1) (% control) 
66.7 -- 0 
66.7 66.7 2,800 500 98.'( 
66.7 129 5,520 
66.7 195 8,040 559 
66.7 262 lO,TTO 96.0 
66.7 311 12,780 664 
66.7 377 15,230 728 66.7 434 17,890 92.5 
66.7 480 20,500 
66.7 546 23,200 
66.7 613 25,950 910 95·9 
66.7 63? 28,410 
66.7 703 30,960 894 
66.7 721 33,310 
66.7 73'1 35,970 1058 
66.7 804 39,018 98.9 
66.'? 814 42,660 
66.7 881 45,690 1058 
66.7 948 48,450 
66.7 1014 51,170 
66.7 1081 53,870 1254 
0 1148 56,740 93.2 
0 1067 59,360 1130 
0 1067 62,510 
0 1067 65,760 1230 
0 106'( 68,980 
0 106'( 72,350 
0 106'{ 75,550 15 (3 
0 1067 78,610 
0 1067 81,470 
--











































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 2j Unit 9 Daily: 100 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (mg/1) (ml) (mg/1) (% control) 
100 -- 0 
100 100 2,830 524 89.2 
100 193 5,530 760 100 293 8,090 
100 393 10,720 90-9 
100 465 12,790 99'( 
100 566 15,020 
100 666 17,240 975 93-0 
100 719 19,260 
100 819 21,360 1560 99-6 100 919 23,590 
100 955 25,440 
100 1055 27,140 1700 
100 1081. 28,420 
100 1105 29,270 2090 
100 1205 29,740 91.2 
100 1221 30,120 
100 1321 30,360 2170 
100 1421 30' 370 
0 1521 30) 3'(0 
II 2680 0 1521 
0 1521 " 100.9 
1414 II 2660 0 
0 1414 30,520 
0 1414 30,520 2~(00 
0 1414 30,670 
0 1414 30,860 
0 1414 31,290 3250 
0 1414 31,580 
0 1414 31, 750 
--











































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 2; Unit 10; Daily: 133 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
{rng/1) (mg/1) (ml) {mg/1) (% control) 
133 -- 0 
133 133 2,950 540 93.0 
133 257 5,370 
133 391 7,480 926 
133 524 9,350 89·9 
133 621 10,710 1207 
133 754 11,780 
133 887 12,380 1295 95.0 
133 958 .12,7.10 
.133 1092 13,0.10 
.133 1225 .13,.180 .1760 98.6 
133 .1273 
fl 
0 .1405 II 2270 
0 1307 II 
0 12.15 11 2280 
0 .1216 " 95.0 
0 1131 II 
0 .113.1 " 2540 
0 .113.1 II 
0 1.13.1 " 
T1 2680 0 1131 
0 113.1 II 112.6 
0 1052 II 2760 
0 1052 II 
0 .1052 II 2580 
0 1052 II 
0 1052 .13,340 
0 .1052 13,560 3230 
0 1052 13,670 
0 1052 13,770 
--
























THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Cadmium Data; Run 2 
CADMIUM CONCENTRATION (mg/1) 
MEASURED CALCULATED MEASURED 
UNIT 2 UNIT 3 
108 248 205 
77 186 120 
368 706 500 
196 610 254 
UNIT 5 UNIT 6 
14 33 21 
330 351 187 
477 360 290 
800 573 420 
UNIT 8 UNI'l' 9 
53 100 85 
369 1055 623 
515 1081 793 


































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 3; Unit 1; Control : No Cd Added 
TIME TOTAL COD VOLATILE VOLATILE 
GAS OF SOLIDS ACIDS 
PRODUCED EFFLUENT (% of' (mg/1 as 
(days) (m1) (mg/1) total) cH3COOH) 
0 0 520 56.6 
1 3,040 
2 6,370 637 
3 9,900 189 
4 13,230 884 
5 16,260 
6 18,930 875 
7 21,610 59.0 
8 24,670 870 
9 27,910 
10 30,840 718 
11 33,570 
12 36,570 
13 40,000 725 
14 43,610 58.7 
15 46,340 710 
16 49,110 
17 52,240 682 
18 55,290 
19 58,160 820 
20 60,960 59.4 
21 63,610 769 
22 66,310 
23 69,150 859 
24 71,580 
25 74,150 858 
26 76,950 55.8 
27 79,580 780 
28 82,780 
29 85,320 860 
30 88,270 
31. 91.,330 832 
32 94,500 62.7 
33 97,520 890 
34 1.00,870 
35 104,650 899 
36 108,550 117 
37 112,070 964 
38 11.5,380 51.3 













































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 3; Unit 2; Slug: 6oo mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) {mg/1) (m1) {mg/1) (% control) 
6oo 
--
0 568 102.5 
0 6oo 2,200 
0 558 4,510 987 
0 558 7,710 
0 519 10,760 1330 
0 519 13,610 
0 483 16,080 1200 
0 483 18,500 92.4 
0 449 20,550 986 
0 449 23,080 
0 418 25,900 832 
0 418 29,100 
0 418 32,660 
0 418 36,130 832 
0 418 39,140 93·7 
0 389 41,700 785 
0 389 44,300 
0 389 47,180 642 
0 389 50,080 
0 389 53,180 722 
0 389 56,440 91.2 
0 361 59,430 728 
0 361 62,150 
0 361 64,870 656 
0 361. 67,490 
0 361. 70,220 672 
0 336 72,990 105.7 
0 31.3 75,740 700 
0 313 78,840 
0 31.3 81,340 750 
0 313 84,21.0 
0 313 87,220 791 
0 313 90,240 98.4 
0 291 93,710 858 
0 291. 97,290 
0 291 100,890 940 
0 291 104,420 
0 270 107,790 964 
0 270 111,270 100.6 
--
251 114,370 815 



















































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 3; Unit 3; Slug: 800 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL (mg/1) (mg/1) (ml) (mg/1) (% control) 
Boo 
--
0 560 103.0 
0 800 1,600 
0 744 3,010 1266 
0 744 4,680 
0 692 6,910 1673 
0 692 9,720 
0 644 12,220 2065 
0 644 15,100 91.7 
0 599 17,840 1340 
0 599 20,610 
0 557 23,170 1142 
0 557 25,890 
0 557 29,130 
0 557 32,600 1010 
0 557 36,370 92.2 
0 518 39,310 800 
0 518 42,220 
0 518 45,070 755 
0 518 48,020 
0 518 51,220 843 
0 518 54,270 90.1 
0 481 57,120 760 
0 481 59,490 
0 481 62,230 810 
0 481 65,050 
0 481 67,930 915 
0 448 70,870 101.1 
0 416 73,820 836 
0 416 77,130 
0 416 79,810 812 
0 416 82,880 
0 416 86,120 791 
0 416 89,210 85.5 
0 387 92,410 794 
0 387 95,790 
0 387 99,560 842 
0 387 103,290 
0 360 106,680 868 
0 360 110,030 103.1 
-- 335 113,260 815 
83 
VOLATILE 















































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 3; Unit 4; Slug: 1000 mg/l Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (me;/1) (ml) (mg/1) (% control) 
1000 -- 0 552 106.4 
0 1000 530 
0 930 1~080 1560 
0 930 1,600 
0 865 2,090 2430 
0 865 2,440 
0 804 3,000 2240 
0 Sol~ 3,500 99.5 
0 748 3,970 3160 
0 74q 4,550 
0 696 5,140 3350 
0 696 5,780 
0 696 6,540 
0 696 7,060 3710 
0 696 8,040 106.0 
0 647 9,210 4250 
0 647 10,380 
0 647 11,860 4420 
0 647 12,690 
0 647 13,700 4380 
0 647 14,550 97.8 
0 602 15,540 4330 
0 602 16,470 
0 602 17,190 4300 
0 602 18,140 
0 602 19,260 3890 
0 560 20,060 116.5 
0 520 21,090 3980 
0 520 22,160 
0 520 22,730 3540 
0 520 23,930 
0 520 24,790 3550 
0 520 25,860 96.8 
0 484 27,290 3930 
0 484 28,490 
0 48t~ 30,270 3930 
0 484 31,530 
0 450 32,990 4300 
0 450 34,060 118.2 


















































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 3; Unit 5; Acclimation: 16.7 to 93.3 mg/1 Cd 
CADMIUM TOTAL COD VOlATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (mg/1) (mg/1) (mg/1) (% control) 
16.7 -- 0 552 1JJ.6 
33-3 16.7 2,720 
50.0 48.8 5,990 672 
66.7 98.8 9,340 
73-3 159 12,250 796 
80.0 232 14,310 
86.7 296 17,040 970 
93-3 382 19,200 ~)(). 4 
93.3 449 21,160 1073 
93-3 542 23,470 
93-3 598 25,970 1L7 
93-3 691 28,490 
93-3 784 30,920 
93-3 878 33,350 1210 
93-3 971 35,850 9? .;-: 
93-3 996 38,100 1323 
93-3 1089 40,070 
93-3 1183 42,370 1463 
93-3 1276 44,400 
93-3 1369 46' !+80 1629 
93·3 1463 48,580 91+ •::, 
93-3 1454 50,350 1700 
93-3 1547 51,770 
93-3 1640 52,630 1639 
93-3 1733 53,210 
93-3 1827 53,640 1800 
93.3 1792 54,020 9l.O 
93-3 1766 54,270 2130 
93-3 1859 54,400 
93-3 1953 54,550 2410 
0 2046 II 
0 2046 " 2430 
0 2046 II ·..) "· ;.; :_;c.:_ • '-' 
0 1903 II 2730 
0 1903 SL+, 710 
0 1903 54,d30 2710 
0 1903 55' 080 
0 1770 55,550 3260 
0 1770 55,720 109.4 
--


















































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 3; Unit 6; Acclimation: 16.7 to 120 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
{mg/1) {mg/1) (ml) (mg/1) ("/o control) 
16.7 -- 0 544 103.4 
33-3 .1.6 .. 7 2,740 
50.0 48.8 6,070 605 
66.7 98.8 9,380 
80.0 159 12,380 768 
93-3 239 15,110 
107 315 17,420 945 
120 422 19,630 96.6 
120 512 21,700 916 
120 632 23,920 
120 708 26,210 1060 
120 828 28,590 
120 948 31,180 
1.20 1.068 33,690 1.460 
120 1188 36,230 87-7 
120 1225 38,400 1592 
120 1345 40,340 
120 1465 42,140 1.688 
0 1585 43,500 
0 1585 44,620 1930 
1.20 1585 45,730 92.6 
1.20 1594 46,270 2210 
120 1714 46,600 
1.20 1834 46,700 2340 
0 1954 II 
0 1954 II 2530 
0 1661. 46,940 99.8 
0 1545 47,420 2150 
0 1545 48,180 
0 1545 48,500 3260 
0 1545 48,860 
0 1545 49,200 3570 
0 1.545 49,660 87.1 
0 1437 50,280 3540 
0 1.437 51,210 
0 1437 51,690 41.00 
0 1437 52,030 
0 1336 52,370 4620 
0 1336 52,780 117-9 
--



















































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 3; Unit 7; Daily: 66.7 mg/l Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/l) (mg/l) (ml) (mg/l) (% control) 
66.7 -- 0 540 100.7 
66.7 66.7 2,450 
66.7 J29 5,460 630 
66.7 195 8,500 
66.7 249 11,230 828 
66.7 315 13,680 
66.7 360 15,830 915 
66.7 427 17,970 95-3 
66.7 463 20,030 885 
66.7 530 22,480 
66.7 560 24,950 955 
66.7 626 27,530 
66.7 693 30,450 
66.7 760 33,410 1215 
66.7 826 35,740 80.4 
66.7 835 37,790 1088 
66.7 902 39,730 
66.7 969 41,830 1076 
66.7 1035 44,030 
66.7 1102 46,330 1173 
66.7 1169 48,880 80.8 
66.7 1154 51,210 1165 
66.7 1220 53,070 
66.7 1287 54,870 1085 
66.7 1354 56,570 
66.7 1421 58,400 1140 
66.7 1388 6o, 380 94.6 
66.7 1357 62,360 1267 
66.7 1424 64,640 
66.7 1491 66,560 1280 
66.7 1557 68,830 
66.7 1624 71,100 1280 
66.7 1691 73,400 71.1 
66.7 1639 75,340 1392 
66.7 1706 77,240 
66.7 1773 79,140 1664 
66.7 1839 80,810 
66.7 1777 82,090 1970 
66.7 1844 83,020 107.2 
--



















































THE EFFECT OF CADHIUM ON ANAEROBIC DIGESTION 
Run 3; Unit 8; Daily: 80 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (mg/1) (ml) (mg/1) (% control) 
80.0 -- 0 540 95-9 
80.0 80.0 2,610 
80.0 154 5,680 581 
80.0 234 8,880 
80.0 298 11,570 900 
80.0 378 14,140 
80.0 432 16,430 1120 
80.0 512 18,630 97.3 
80.0 556 20,710 1035 
80.0 636 23,110 
80.0 671 25' 510 1045 
80.0 751 27,930 
80.0 831 30,820 
80.0 911 33,720 1400 
80.0 991 36,120 82.5 
80.0 1002 38,300 1430 
80.0 1082 41,430 
80.0 1162 42,600 1327 
80.0 1242 44,800 
80.0 1322 47,030 1710 
so.o 1402 49,230 84.8 
80.0 1384 50,720 1720 
80.0 1464 51,900 
80.0 1544 52,570 1800 
80.0 1624 53,000 
80.0 1704 53,470 1770 
80.0 1664 53,850 97-7 
80.0 1628 54,160 2050 
80.0 1708 54,470 
80.0 1788 54,650 2320 
80.0 1868 54,810 
0 1948 " 2370 
0 1948 II 85.0 
0 1558 55,700 2150 
0 1558 56,570 
0 1558 57,570 2700 
0 1558 58,520 
0 1449 59,220 3540 
0 1449 59,890 111.9 
--



















































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 3; Unit 9; Daily: 93.3 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS~ % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (mg/1) (ml) (mg/1) (% control) 
93.3 -- 0 583 99.8 
93-3 93·3 2,580 
93·3 180 5,580 645 
93-3 273 8,580 
93-3 348 11,200 948 
93.3 351 13,600 
93·3 420 15,770 1190 
93.3 512 17,830 99.8 
93-3 570 19,700 1190 
93.3 664 21,900 
93.3 710 24,220 1224 
93.3 804 26,670 
93-3 897 29,340 
93·3 990 31,870 1427 
93-3 1084 34,440 77-9 
93-3 1101 36,790 1592 
93-3 1194 39,140 
93·3 1288 41,240 1710 
93·3 1381 43,120 
93·3 1474 44,660 2030 
93·3 1568 45,760 83.2 
93-3 1551 46,190 2350 
93-3 1644 46,440 
93·3 1738 46,590 2280 
0 1830 II 
0 1830 f1 2650 
0 1648 46,900 99.1 
0 1533 47,070 2315 
0 1533 47,880 
0 1533 48,180 2910 
0 1533 48,560 
0 1533 48,880 3260 
0 1533 49,300 73.4 
0 14~~5 49,970 3500 
0 1425 50,920 
0 1425 51,320 4000 
0 1425 51,550 
0 1326 51,750 4500 
0 1326 51,960 111.5 


















































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Run 3; Unit 10; Daily: 100 mg/1 Cd 
CADMIUM TOTAL COD VOLATILE 
DOSE RESIDUAL GAS OF SOLIDS, % 
CONCENTR. PRODUCED EFFLUENT OF TOTAL 
(mg/1) (mg/1) (ml) (mg/1) (% control) 
100 
--
0 540 99·7 
100 100 2,480 
100 193 5,580 660 
100 293 8,720 
100 373 11,310 935 
100 428 13,830 
100 539 16,100 1183 
100 639 18,170 99·5 
100 695 20,100 1143 
100 795 22,380 
100 839 24,740 1224 
100 939 27,300 
100 1039 29,920 
100 1.139 32,600 1477 
100 1239 35,400 84.8 
100 1252 37,340 1715 
100 1352 38,960 
100 1452 4o,o6o 1850 
100 1552 40,690 
100 1652 41,060 2255 
100 1752 41,220 99·7 
0 1730 " 2470 
0 1730 II 
0 1643 41,410 2530 
0 16!~3 41,560 
0 1643 41,710 2290 
0 1528 41,900 99.8 
0 1421 l~2 ,250 2550 
0 1421 42,720 
0 1421 43,010 3420 
0 1421 43,430 
0 1421 43,570 4o6o 
0 1421 43,710 87.4 
0 1350 43,980 3990 
0 1350 44,250 
0 1350 44,650 4120 
0 1350 44,840 
0 1256 45,020 4300 
0 1256 45,250 116.2 
--

































THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
Cadmi un; DB L.a ; Run 3 
CADMIUM CONCENTRNl'ION (mg/1) 
MEASURED CALCULATED MEASURED 
UNIT 2 UNIT 3 j20 GOO 544 
208 598 348 
180 557 236 
160 518 176 
172 443 184 
80 416 152 
100 360 152 
UNIT 5 UNIT 6 
16 17 12 
308 632 288 
407 1183 456 
640 1585 655 
952 1661 769 
720 1545 616 
430 1336 677 
UNIT J UNIT 9 
58 93 79 
360 664 412 
512 1084 496 
534 1563 976 
BOO 164o 516 
S33 1533 Boo 



















































THE EFFECT OF CADMIUM ON ACTIVATED SLUDGE 
TIME UNITS 1 AND 2 (aver.) UNIT 3 UNIT 4 UNIT 5 I 
Cd COD Ml.SS"~~" Cd COD MLSS Cd COD MLSS Cd COD MLSS ADDED ADDED ADDED ADDED (days) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) 
0 0 1694 0.5 1692 7.0 1688 10.0 1652 1 0 36.0 1.0 23.9 0 26.8 0 31.5 2 0 1478 1.5 1440 0 1480 0 1368 3 0 2.0 0 0 4 0 2.5 0 0 i 5 0 24.9 1270 3.0 37.2 1264 0 35.2 2008 0 42.4 1904 6 0 3·5 0 0 
7 0 4.0 0 0 3 0 1194 4.5 800 0 752 0 928 9 0 49·9 5.0 65.6 0 0 
10 0 5.5 0 I 0 
I 11 0 6.0 0 0 12 0 1398 6.5 1704 0 1184 0 1356 13 0 7.0 14.0 20.0 14 0 7.5 14.0 20.0 15 0 2476 8.0 2168 0 1744 0 2040 16 0 79.2 8.5 80.0 0 0 69.2 17 0 9.0 0 0 18 0 9·5 0 0 
*MIXED LIQUOR SUSPENDED SOLIDS 
'r8 
TABLE XXXV (Continued) 
THE EFFECT OF CADMIUM ON ACTIVATED SLUDGE 
TIME UNI'l'S 1 AND 2 (aver.) UNIT 3 UNIT 4 
Cd COD MLSS* Cd COD MLSS Cd COD 
ADDED ADDED ADDED (days) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) (mg/1) 
19 0 76.6 10.0 130.5 40.0 130.5 
20 0 10.0 0 
21 0 10.0 0 
22 0 10.0 0 
23 0 238.0 2948 10.0 180.0 2256 100.0 180.0 24 0 10.0 0 
25 0 10.0 0 
26 0 10.0 0 
27 ('> 10.0 0 v 
28 0 10.0 0 
29 0 10.0 0 
30 0 163.5 5430 10.0 133.0 3832 0 141.0 
31 0 10.0 0 
32 0 10.0 0 
33 0 104.0 3702 10.0 137.0 5412 0 176.0 
34 0 10.0 0 
35 0 10.0 0 
36 0 10.0 0 
37 -- 113.5 
-- 151.0 -- 147.0 


























































WARBURG RESPIROMETER STUDIES 
OXYGEN UPTAKE VALUES (mg/1) 
NON ACCLIMATED ACTIVATED SLUDGE ACTIVATED SLUDGE ACCLIMATED TO 10 mg/1 CADMiill1 
0 25 50 100 0 25 50 100 
69.1 104.3 109.6 94.9 98.1 118.4 ' 11 7 74.6 J.._ • 232.0 236.0 209.1 140.0 326.4 243.3 231.6 109.6 363.6 335.4 279·7 172.2 5o6.4 360.2 319.2 131.1 
507 ·3 448.9 347.5 206.0 702.4 489.5 419.7 160.6 673.0 589.6 434.5 247.9 920.1 643.0 539.6 197.1 
874.2 748.1 536.5 293.0 1175.6 812.9 685.1 246.8 1028.0 863.6 608.3 326.8 1377.1 947.2 796.9 291.2 1211.6 990.6 696.1 368.7 1601.1 1099.2 926.5 370.3 1384.6 1112.6 787.1 425.1 1825.1 1254.2 1061.3 504-3 1573.0 1240.8 902.3 507.2 2060.5 1419.6 1206.7 697.7 





The data presented in the previous chapter of this thesis have 
substantiated the belief that cadmium detrimentally affects the micro-
organisms employed in an anaerobic digester. Different effects resulted 
from the three methods of cadmium addition employed which were slug, 
daily, and increasing daily doses. In order to compare the results 
obtained with each of these methods and to facilitate the rapid obser-
vation of the limiting values of each, Table XXXVII summarizing key 
findings is presented. 
An 800 mg/1 slug dose of cadmium caused a decrease in gas produc-
tion for only 4 days, however, approximately two weeks elapsed before 
the effluent quality returned to near normal. A larger slug dose of 
1000 mg/1 resulted in a more serious disruption of the digestion process 
which was not overcome during the 39-day period studied. A combination 
of two slug doses, 400 mg/1 and 800 mg/1 12 days later, significantly 
affected the process for a period longer than that observed with the 
single 800 mg/1 dose. Gas production returned to normal ten days 
following the last slug dose, at which time the COD of the effluent was 
also starting to receed. It is significant that the digester did 
recover, even though the total concentration of cadmium added was in 
excess of the 1000 mg/1 which, in a single dose, caused failure. It 
is believed that 800 mg/1 represents the allowable upper limit for 
a slug dose of cadmium, however, higher concentrations can be with-
stood if added in more than one dose. 
An evaluation of the results obtained from the studies concerned 
with constant daily additions of cadmium would indicate that concen-
trations as high as 66.7 mg/1 could be charged to an anaerobic digester 
TABlE XXXVII 
THE EFFECT OF CADMIUM ON ANAEROBIC DIGESTION 
TYPE OF CADMIUM ADDED EFFECTS 
DOSE 
(mg/1) 
800 Slightly affected; recovery rapid 
SLUG 400 + 800 (in 12 days) Seriously affected; recovery within 10 days 
1000 Essentially failed 
66.7 Gradual failure began on 34th day 
80.0 Rapid failure began on 20th day 
DAILY 93.3 Rapid failure began on 17th day 
100* Rapid failure began on 14th to 16th day* 
133 Rapid failure began on 4th day 
6.7 to 140 (in 15 days) Rapid failure began on 15th day 
16.7 to 93.3 (in 7 days) Rapid failure began on 20th day 
ACCLIMATION continued at 93.3 
16.7 to 120 (in 7 days) 
Rapid failure began on 17th day continued at 120 



















for at least 34 days without any significant effects. Subsequent to 
this time, gas production began to decrease and an upsurge in COD of 
the effluent was noted. Smaller daily doses were not studied for this 
length of run. Anaerobic digesters charged with higher daily cadmium 
doses of 80.0, 93.3, 100, and 133 mg/1 caused failure to commence after 
twenty, seventeen, fifteen, and four days, respectively. By comparison 
of the residual cadmium concentrations of these units at the time 
when rapid failure began (Table XXXVII), it can be seen that the resid-
ual metal content at which the bacteria were affected decreased as 
higher daily doses were applied. It further appears that the 66.7 mg/1 
daily dose is near the concentration which could be added Indefinitely 
without significantly impairing the digestion process. This belief' 
is based, in part, on the observation that the time of' ef'f'ective opera-
tion of the units (34, 20, 17 days, respectively) was extended 14 
days when the concentration was reduced by 13.3 mg/1 from 80.0 to 
66.7 mg/1, and only 3 days when it was decreased by the same amount 
from 93.3 to 80.0 mg/1. 
Acclimation, the addition of progressively increasing amounts of' 
cadmium, allowed higher residual concentrations to be tolerated. While 
a daily dose of 100 mg/1 of cadmium caused failure to start after 14 
to 16 days when the residual concentration was only 1100 to 1350 mg/1, 
by employing a 7-day acclimation period quantities as high as 120 
mg/1 could be added and the residual cadmium content of' the digester 
reached 1460 mg/1 before detrimental effects were notedo The residual 
cadmium of a digestion unit which was f'ed a slightly higher daily dose 
of 133 mg/1 was only 540 mg/1 at the time of impairment. It was shown 
by the acclimation studies that when the daily metal loading rate 
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exceeded 120 mg/1 ~ailure could be expected to occur much more rapidly 
than experienced with that value. There also appears to be a maximum 
residual concentration at which the units were a~~ected regardless 
of the acclimation rate. Two units which were acclimated at varying 
rates and then maintained at constant daily loadings of )3.3 and 120 
mg/1, respectively, reacted to the presence of cadmium when the resid-
ual content in each digester became 1460 mg/1. 
The addition of cadmium in the ~orm of an unneutralized hydro-
chloric acid solution resulted in significantly lower acceptance levels. 
When the acidic solution was employed, 66.7 mg/1 added daily caused 
rapid failure to result in 6 days, whereas normal digestion was per-
mitted ~or at least 34 days when the same concentration of cadmium 
was used in the neutralized form. Also, a unit charged daily with 
93.3 mg/1 of cadmium solution at the pH of 7.5 lasted four days longer 
than a digester which received one-half of this daily loading without 
pH adjustment of the cadmium solution. It is believed that the reason 
for the higher toxicity of the unneutralized cadmium lies in the fact 
that the methane-formers were hindered by the resulting low pH values. 
These organisms are ve1~ sensitive to pH and their activity decreases 
rapidly at values lower than 6 (27, p.38). 
The residual cadmium concentration in the digestion units (Table 
XXXVII) which could be tolerated, depended upon the type or dose and its 
magnitude. In general, higher levels were permissible when the cad-
mium was added at increasing or constant daily concentrations, than 
when it was added in the form of a slug dose. It is therefore, highly 
desirable that industrial plants be operated in a manner which would 
prevent inadvertent discharges of heavy metal concentrations. 
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Attempts to reestablish digesters, which were overcome by excessive 
cadmium levels, through sludge replacement were not successful. Five 
to twenty percent of the volume of the mixed sludge in the digesters 
were exchanged with active sludge which was free from cadmium. A 
slight recovery was noted, however, as the residual metal concentra-
tions were still excessive, it was short-lived. It is possible that 
the initial indication of recovery was obtained because the effect of 
the new environment was not immediately felt by the "fresh" microor-
ganisms. A similar observation was also ma.de in the slug-dose studies 
when the lowest volume of gases was sometimes produced a day or two 
after the metal addition. 
Of the parameters utilized. in this study, the chemica_l oxygen 
demand of the effluent appeared to be the most sensitive. When daLLy 
additions of cadmium \¥ere made to a digester, this parameter registered 
a decrease in digestion performance usually 2 to 3 days bef'ore gas pro-
duction began to drop. Hov;ever, when slug doses >-.lere applied) indi-
cations of their toxic effects were realized within one day by both 
parameters. As was expected, a digester which was recovering from the 
effect of cadmium, indicated its recovery by producine; normal, or 
greater than normal, volumes of gases before the COD of the effluent 
was reduced. Use of the COD determination in conjunction 1.Jith the 
volume of gases liberated by the anaerobic bacteria makes possible the 
effective evaluation of the performance of a digestion unit. 1ne vol-
atile acids and ~"-olatile solids determinations were u-tilized in this 
investigation with varying degrees of success. 'lne quantity of' vol-
atile acids usually increased as the cadmium concentration of a digester 
became great enough to hinder the microorganisms. 'Ihis eff'ect indicated 
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that the acid-~ormers were more resistant to cadmium than the methane-
~ormers. Volatile solids could not, in some instances, be correlated 
with the other parameters used. This ~act has also been reported by 
other investigators (22). 
The chemical oxygen demand and mixed liquor suspended solids 
determinations were used to evaluate the e~~ect o~ various quantities 
o~ cadmium on the ~ill-and-draw activated sludge process. The sus-
pended solids concentration was not materially a~~ected by the range 
o~ cadmium doses applied in the study, however, the COD o~ the e~~luent 
indicated a de~inite impairment which lasted ~or approximately ten days 
when a slug dose o~ 500 mg/1 o~ cadmium was added. The ability to 
acclimate the aerobic microorganisms to metal values as high as 10 
mg/1 was shown, and the e~~ectiveness o~ acclimation was confirmed by 
means of Warburg respirometer studies. \{hen cadmium concentrations 
ranging up to 100 mg/1 were studied using the Warburg respirometer, it 
was ~ound that the oxygen uptake was suppressed proportionally to the 
metal content. In every instance, however, the toxic ef~ects were 
somewhat minimized when previously acclimated microorganisms were em-
ployed. 
VI. CONCLUSIONS 
'I'he following concJ_usions can be made from an evaluation of the 
results of this investigation: 
1. Cadmium, above certain concentrations, was found toxic to the 
microorganisms f'unctioning in anaerobic digesters. The :factors 
which influenced the tolerable cadmium levels were the type and 
magnitude of dose, and the residual concentration of the metal 
in the digester. 
2. The maximum allowable slug dose of cadmium was found i~o be 800 
mg/1. This concentration caused only a slight effect upon the 
digestion process -v1hich was soon overcome, while a dose of 
1000 mg/l caused failure. 
3. Daily additions of cadmium in concentrations of 66.7 mg/1 did not 
significantly hinder the digestion process until after 34 days. 
Higher cadmium levels permitted normal digestion operation for 
considerably shorter periods of time. 
4. Acclimation allowed addition of higher daily cadmium doses than 
would have been otherwise possible. 
5· When the cadmium solution was added in the acidic form, the max-
imum acceptable concentrations were significantly lower than the 
values established when the pH was raised to 7.5 prior to addition. 
6. Higher residual cadmium concentrations were possible without ill-
effects Hhen the metal was added in increasing or constant daily 
doses as compared to slurr doses. 
7• An attempt to recover a digester which had been overcome by exces-
sive cadmium loadings through replacement of a certain portion of 
the distressed sludc;e with actively digesting seed sludge vms not 
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successful, even though as much as 20 percent of the vo1ume was 
exchanged. 
8. The chemical oxygen de~~nd determination, the volume of gases 
produced, and the volatile acids determination 1.;ere found to be 
effective parameters for anaerobic digestion studies; however, 
the volatile solids determination gave results which did not 
appear to be representative. 
9. A cadmium slug dose of 500 mg/1 charged upon a fill-and-draw 
activativated sludge unit resulted in a deterioration of the 
effluent quality for about ten days. 
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10. Aerobic microorganisms which were acclimated to 10 mg/l of cad-
mium indicated in \-larburg respirometer studies that they were more 
resistant to cadmium doses ranging up to 100 mg/1 than were unac-
climated aerobes. 
VII. RECOMMENDATIONS FOR FUTURE RESEARCH 
In the course of this study the follO>ving topics where further 
research work in the area of anaerobic digestion of cadmium-bearing 
wastes is needed were identified: 
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1. The fate of cadmium added to a digester needs to be fully investi-
gated and a material balance of the metal made. 
2. Studies should be made at different volatile solids feeding rates, 
detention times, and at thermophilic temperatures so the results 
could be applied to other conditions. 
3. An attempt should be made to establish an effective method for 
recovering a digester which has been incapacitated by excessive 
cadmium loadings. 
4. Studies should be undertal<en to determine the amounts of cadmium 
which are transferred from cadmium-bearing raw sewage to primary 
and secondary sludges and the factors which influence them. 
In addition, the effect of cadmium on aerobic ,.mste treatment 
systems should be further investigated and the toxic levels for slug 
and daily additions determined. Also, since little and contradictory 
information was found in the literature pertaining to the effect of 
nickel on anaerobic digestion, research work should be persued in this 
area. 
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